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ABSTRACT
Pulse plated nickel and nickel based superalloys have been used extensively in the 
Ariane 5 space launcher engines. Large structural Ariane 5 space launcher engine 
components such as combustion chambers with complex micro structures have 
usually been manufactured using electrodeposited nickel with advanced pulse plating 
techniques with smaller parts made of nickel based superalloys joined or welded to 
the structure to fabricate Ariane 5 space launcher engines. One of the major 
challenges in manufacturing these space launcher components using newly 
developed materials is a fundamental understanding of how different materials and 
microstructures react with hydrogen during welding which can lead to hydrogen 
induced cracking.
The main objective of this research has been to examine and interpret the effects of 
microstructure on hydrogen diffusion and hydrogen embrittlement in (i) nickel based 
superalloy 718, (ii) established and (iii) newly developed grades of pulse plated 
nickel used in the Ariane 5 space launcher engine combustion chamber. Also, the 
effect of microstructures on hydrogen induced hot and cold cracking and weldability 
of three different grades of pulse plated nickel were investigated. Multiscale 
modelling and experimental methods have been used throughout. The effect of 
micro structure on hydrogen embrittlement was explored using an original multiscale 
numerical model (exploiting synthetic and real micro structures) and a wide range of 
material characterization techniques including scanning electron microscopy, 2D and 
3D electron back scattering diffraction, in-situ and ex-situ hydrogen charged slow 
strain rate tests, thermal spectroscopy analysis and the Varestraint weldability test. 
This research shows that combined multiscale modelling and experimentation is 
required for a fundamental understanding of microstructural effects in hydrogen 
embrittlement in these materials. Methods to control the susceptibility to hydrogen 
induced hot and cold cracking and to improve the resistance to hydrogen 
embrittlement in aerospace materials are also suggested. This knowledge can play an 
important role in the development of new hydrogen embrittlement resistant materials.
A novel micro/macro-scale coupled finite element method incorporating multi-scale 
experimental data is presented with which it is possible to perform full scale 
component analyses in order to investigate hydrogen embrittlement at the design 
stage. Finally, some preliminary and very encouraging results of grain boundary 
engineering based techniques to develop alloys that are resistant to hydrogen induced 
failure are presented.
Keywords: Hydrogen embrittlement; Aerospace materials; Ariane 5 combustion 
chamber; Pulse plated nickel; Nickel based super alloy 718; SSRT test; Weldability 
test; TDA; SEM/EBSD; Hydrogen induced hot and cold cracking; Multiscale 
modelling and experimental methods.
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CHAPTER 1
1. INTRODUCTION
Hydrogen embrittlement (HE) is defined as structural degradation o f material 
due to loss of ductility because of hydrogen attack leading to potentially catastrophic 
failure. It is one type of corrosion problem. HE is an extremely dangerous 
phenomenon that needs to be addressed in engineering industries such aerospace 
automotive, civil and construction, semiconductor, offshore, ship, oil and gas, 
nuclear power and renewable energy sector including wind energy, fuel cells and 
hydrogen energy. Contact with hydrogen in structural materials may occur at any 
time during a component’s life time, during fabrication in a manufacturing process or 
during operational use under service environmental conditions. HE play a prominent 
role in manufacturing engineering and aerospace components which are typically 
made of high strength, high toughness, corrosion resistant and high temperature 
metallic materials such as nickel, titanium and nickel based super alloys. Nickel and 
nickel-based super alloys are often made up of complex micro structures and have 
been used in aerospace applications for many years. Manufacturing process such as 
electrodeposition and welding may introduce hydrogen into aerospace components 
made of nickel and nickel based super alloys. Several catastrophic failures have
1
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occurred in nickel and nickel-based super alloys due to environmental cracking, 
hydrogen stress cracking and HE. Even though there is a considerable amount o f 
information about hydrogen embrittlement mechanisms in polycrystalline structural 
materials, there are still number o f different types o f pending embrittlement problems 
caused by atomic transport o f hydrogen elements which are not clearly understood 
[ 1- 12].
In te rnal hydrogen atom  (source: 
m ate iia l m anufactuing such as 
electrodposition  and welding), 
ex te rn a l hydrogen  (source: 
environm ent, gas etc.)
hydrogen diffusion/segeration, 
pressure depend hydrogen 
transport etc...
Crystal defects such as voids/pores/ 
dislocation assist hydrogen 
diffusion/segregation, crystal orientation, 
grain boundary misorientation based 
hydrogen diffusion/distribution/ 
segregation etc.
External/Internal Material
Hydrogen
Microstructures, grain size, GB, 
crystal orientation, atomic crystal 
structures, phase distribution, atomic 
distibutions of secondary elem ents 
and phases, crystal defects such as 
voids/pores, dislocations.
C ry s ta l orien tation , GB m isorientation 
depends s tre s s  and tem pera tu re  
d istribution , atom ic d iso rdered  
d epended  s tre s s , tem pera tu re  
distribution , D islocation 'Y oid 'pores 
secondary  pahse depended  s tre ss , 
te in ap ertu re  distrubutiou  e tc ...,
Tem perature, therm al stress, 
Mechanical external loading , 
residual stress, pressure etc., 
Chemical driving forces etc...
Figure 1.1 Multiscale and multiphysics integration aspects o f hydrogen 
embrittlement.
Material scientists in all o f  these engineering industries are developing high 
toughness and high strength metals and alloys. HE exhibits a wide spread o f  
multiphysics and multiscale effects that degrade the fracture resistance o f  these high 
strength metal and alloys. Figure 1.1 shows the multiphysics and multiscale 
interaction aspect o f hydrogen embrittlement. Both computational and experimental 
multiphysics investigations at different length scales, from atomic to component 
level, are needed for a better understanding o f hydrogen embrittlement and its 
mechanism.
2
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An example o f  aerospace component failure due to hydrogen embrittlement 
has been reported as shown in figure 1.3 (b). The hydrogen induced cracks observed 
in nickel material on space launcher combustion chamber a decade ago were handled 
by AIRBUS by developing a new advanced pulse-plated (PP) Ni material by 
changing manufacturing parameters and moving to more advanced manufacturing 
techniques. But understanding the HE mechanism in this PP-Ni aerospace material is 
still o f  major interest to material scientists and AIRBUS in order to develop newer 
advanced materials with higher strength in addition to a resistance to HE and to 
remain as a front runner in the global aerospace materials market.
Vulcain 2 Vinci
Figure 1.2 The Ariane 5, Vulcain 2 and Vinci combustion chambers [Jokob 
Norgaard, New concept for Rocket engines, Force Technology presentation].
HE also has a very important economic impact in the aerospace industry, 
especially in the European space industry, for example, in the main and upper stage 
o f  the combustion chamber components o f  Ariane 5 system known as Vulcain 2 and 
Vinci as shown in figure 1.2. (Vulcain 2 is approximately 2.3m tall and 2.1m in 
diameter, 400kg weight, 150 ton trust, 250kg/s fuel consumption, approximate flame 
temperature 3000°C, exhaust gas velocity 4000m/s, coolant liquid hydrogen
3
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temperature o f -240°C and engine life time is approximately 10 minutes. [ Jokob 
Norgaard, New concept for Rocket engines, Force Technology presentation]). HM7 
combustion chambers are made o f thick pulse-plated nickel shell as shown in Figure
1.3 (a). There is an approximately 2cm thick PP-Ni layer in the case o f  the Vulcain 2 
combustion chamber, which is deposited over a copper and copper alloy substrate 
using a complex electrochemical plating process. The plating material is exposed to 
hydrogen which is a by-product o f the plating process and after the plating process 
the plated material undergoes further manufacturing processes such as joining and 
machining resulting in residual stresses.
Figure 1.3 (a) shows the pulse plated nickel shell on space launcher combustion 
chamber, (b) shows the some o f the hydrogen induced cracks observed in nickel 
material on space launcher combustion chamber. [102,218,219].
The manufactured components are left in storage for several years and depending on 
the combination o f  plating and manufacturing parameters residual stresses may be 
sufficient to cause cracking. Due to strict aerospace rules concerning component 
qualification requirements, failure in one component would result in the entire batch 
o f components being rejected and the economic losses associated with such failures 
are enormous. The later the failure occurs, the higher the economic loss. The worst 
case scenario is failure occurring during operation o f  the space launcher (i.e. if the 
technical failure is realised at the moment o f launch) and this would result in an 
economic loss o f  several million euro. A more advance multiscale and multiphysics 
approach using both computational modelling and experiment approaches will be
L ongitudinal C racks in PP-Ni shell
EB w e ld  C racks be lo w  
w e ld  ro o t o n  PP-Ni
Source 
ASTRIUM. 2006
EB w eld  n o  c racks
W eld  C racks a s id e  w e ld  o n  PP-Ni
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used in this study in order to investigate and understand the hydrogen embrittlement 
mechanism in pure nickel and nickel based super alloy. Part of this study sits within
tVi ♦the 7 European Union (EU) Framework Project “MultiHy”, (Multiscale modelling 
of hydrogen embrittlement in crystalline material).
1.1. MULTIHY PROJECT
MultiHy project is funded by the European Union 7th framework program 
under the theme “Nanosciences, Nanotechnologies, Materials and new Production 
Technologies”. The project starts at 1st May 2011 and ends at 30th April 2015. The 
project had a funding budget of €5.3 million including both partner contributions and 
European Union contribution. Hydrogen embrittlement is serious and costly 
industrial problem that need to be addressed. There is an urgent need for better 
understanding of real industrial problems related to hydrogen embrittlement in three 
different industrial sectors such as aerospace, automotive and renewable energy. The 
aim of the MultiHy project is to develop industrially-relevant and industrially 
applicable computational models to assist in the evaluation of the susceptibility to 
hydrogen embrittlement of advance complex materials. The project aims to achieve 
this by developing an advanced multiscale framework to evaluate the impact of 
hydrogen on the structural integrity of industrial components made of advance 
complex materials. The primary focus of the project is the description of hydrogen 
transport in the complex micro structures of industrially developed existing and 
newly developed advance materials. The project brings together 11 partners across 
industries, academic universities and research institutes from 6 different European 
countries as shown in figure 1.1.1. There are three different case studies involved in 
this project as follows,
Case study 1: Optimisation of the pulse-plating process used in the fabrication of the 
nickel combustion chambers of the Ariane 5 satellite launcher.
Case study 2: Minimising the impact of hydrogen embrittlement on the application of 
advanced high strength steels to future automobile chassis components.
Case study 3: Maximising the efficiency of the next-generation wind turbine bearings 
by predicting the impact of hydrogen embrittlement on bearing lifetime.
5
Further detail information about the MultiHy project can be found in World 
Wide Web source multihy.eu. The author worked on close collaboration with 
aerospace industries related to Ariane 5 satellite launcher combustion chamber 
investigation involved in case study 1 on the MultiHy project.
Industry
Thyssen
Krupp
voestalpine
BMW
NPL Fraunhofer
IWM
Theoretical
modelling
Physical
evaluation
KCL
Swansea
Uni.
Academia
Figure 1.1.1 shows the MultiHy project partners.
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2. LITERATURE REVIEW
Synthetic microstructural phase field model to calculate effective 
hydrogen diffusivity:
Even though there is a considerable amount of information about the 
embrittlement mechanism of poly crystalline structural materials [1-6], there are still 
a number of different types of pending embrittlement problems caused by atomic 
mass transport of impurity elements (hydrogen, sulphur, oxygen, carbon, 
phosphorous, nitrogen, boron etc.) and inclusion elements that are not clearly 
understood [7,8,11,20-23,25-26,28]. By better understanding the microstructural 
intergranular behaviour of high performance poly crystalline materials, the 
embrittlement problem may be solved by expanding the concept of microstructural 
intergranular engineering into design and analysis [8, 24]. One such example of 
understanding microstructural intergranular behaviour of polycrystalline material 
produced an innovative solution for repairing the nuclear steam generator using 
electrodeposition of continuously bonded nanocrystalline nickel [27]. Mass transport 
properties of impurity elements such as hydrogen and sulphur in the poly crystalline 
material are one of several pending embrittlement problems [4, 6, and 9-12].
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Prediction of the effective mass diffusion properties of advanced 
heterogeneous polycrystalline composite materials has been an active research area 
for many years [14, 17-19, and 29], Fisher [14] developed an analytical model for a 
two phase heterogeneous crystalline composite material by considering the fast 
diffusion along a single isolated grain boundary with slow diffusion in the bulk 
which is a simple model for poly crystalline material. Hart [17] developed an 
analytical model to predict the effective diffusivity of two phase intragranular 
heterogeneous composite material based on composite rule of mixtures method. 
Hart’s model was modified by Mortlock [29] and Kalnin [30] by taking into account 
segregation for parallel and series intergranular phases. Later the analytical model 
was demonstrated to be valid for a realistic two phase heterogeneous polycrystalline 
material [38, 31]. Wang et al. [18] developed a model based on the same composite 
rule of mixtures for a three phase heterogeneous polycrystalline composite material 
by including triple junctions as the third phase. In the past few decades, a number of 
analytical micro mechanical studies have been reported in the literature [14, 17-19] to 
predict effective mass transport properties by treating heterogeneous materials 
containing intergranular and intragranular micro structures as a composite media. A 
robust polycrystal mass diffusion numerical model is essential for forecasting the 
effective mass transport properties for realistic heterogeneous polycrystalline 
materials [13]. The diffusion behaviours of the poly crystalline materials are strongly 
affected by microstructural phases [1-4, 6, 9-12]. Intergranular and intragranular 
distributions play a key role in determining diffusion behaviour. Typically, the 
intergranular phase consists of grain boundaries and triple junctions and the 
intragranular phase contains the grains and the defects throughout these models.
In this work it is anticipated that the diffusivity in the intergranular phase has 
a higher value than the intragranular case as reported by many researchers. A few 
examples of this trend are:-
• Tsuru et al. [4] investigated the diffusion permeability of hydrogen 
along intergranular and intragranular phase in heterogeneous 
polycrystalline pure nickel (99.97 % Ni) Ni 270 material with 
average grain size of about 100 pm and an implicit grain boundary 
thickness o f 1 pm and observed the hydrogen diffusion coefficient
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along the intergranular phase was approximately 60 to 100 times 
accelerated compared to the intragranular phase.
• Harris and Latanision [2] studied the hydrogen diffusivity along grain 
boundaries in fine grained nickel produced by electrodeposition and 
estimated the hydrogen diffusion coefficient along the grain 
boundary is 40 times larger than lattice diffusion at 30 °C.
• Palumbo et al. [1] determined that the hydrogen diffusion in the grain 
boundary is approximately 70 times faster the intragranular region in 
electrodeposited nano polycrystalline Ni with average grain size of 
17 nm.
• Some other researchers demonstrated faster diffusivity in 
intergranular phases compared to intragranular phases in Face 
Centred Cubic (FCC) structural materials, examples of this can be 
found in Bokstein et al. [5], Oudriss et a l [3].
• Portavoce et al. [6] determined higher mass diffusion of atoms in 
intergranular phases compared to intragranular phases in 
heterogeneous polycrystalline silicon material.
• Hoffman and Turnbull [15, 16] observed that self-diffusion of silver 
in a grain boundary was several orders of magnitude greater than in 
the lattice.
In terms of numerical models the Voronoi tessellation technique is a well- 
established approximation technique used to model the actual micro structure of 
polycrystalline materials (e.g. Ghosh et al. [13]) which can avoid the problems 
inherent in experimental techniques [33-37] as stated in Table 1. Modified Voronoi 
tessellation techniques can be developed for microstructural phase field models 
(MPFM) based on intragranular and intergranular phase constituents. A numerical 
finite element microstructural homogenization technique and microstructural 
representative finite element model (MRVE) with intragranular and intergranular 
phase constituents can be used to calculate the effective mass transport coefficient 
and investigate microstructural effects in a heterogeneous polycrystalline material. 
Initially the Voronoi tessellation technique is adopted to geometrically represent the
9
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heterogeneous polycrystalline material allowing exploration of the effect of average 
grain size and intergranular phase thickness.
Experimental
techniques
Measurements Difficulties
X-ray
Computer
micro
tomography
Micro structures such 
as grains and micro 
cracks
In determining the 
orientation of intragranular 
micro structural phases such 
as grains [33]
3D Electron 
back scatter 
diffraction 
methods
Micro structure 
including orientation 
of intragranular
phase constituent
such as grains
Expensive, complicated, 
Impossible to gain data from 
large number of samples 
and, in order to get 
significantly high spatial 
resolution, the sample size 
should be very small i.e. 
there will be a compromise 
between maximum sample 
size and resolution [34, 35].
Ion beam serial
sectioning
electron back
scatter
diffraction
method
Microstructural
morphology
Post processing is 
complicated and requires 
enormous aggregate data 
which leads to non-unique 
topologies owing to the 
overlapping of intragranular 
phase constituents [35, 36, 
and 37].
Table 1 Experimental technique to measure the rea 
polycrystalline materials and its difficulties.
microstructural topography o f
Analytical effective medium theorems have been used previous to calculate the 
effective electric and mass diffusion properties. Respectively, the Maxwell-Garnett 
effective medium approximation [38, 39] and the Hashin-Shtrikman upper bound
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effective medium approximation [40, 41] formula for heterogeneous poly crystalline 
material, with intergranular and intragranular phases, are shown below.
^ - D jg V f i g g b Q + 'Z V  fgb )Def f  — Dig
Def f  ~  Dc
P ig ( p  Vf i g ) +Dg b ( l  v f g b ).
+ v fjg
A Dig Dg b )  \ 3Dgb).
Where, diffusivity of intragranular, intergranular phases and effective diffusivity are 
D ig, D gb and D ej f  respectively. V /Ig and V/gb are volume fractions of intragranular and 
intergranular phase respectively [38-41].
Hydrogen diffusion in nanopolycrystalline material
Many researchers, scientists and industrialists are working towards a greater 
understanding of microstructural triple junction (TJs) in nano-polycrystalline (NPC) 
material because of the change in properties of this material with changing 
micro/nano grain sizes [1, 18, 32, 41-52, 54-73, and 76-78]. The observed changes in 
the properties of NPC materials, when decreasing the grain size of NPC material, are 
partially explained by the increase in the density of TJs [1, 42-44]. The 
microstructural morphology such as grain size, interfacial grain boundary (GB), 
pores in TJs, fine grains in TJs and TJ shapes (width and size) may also affect the 
physical properties, atomic transport and properties in NPC materials [6,47-55, 67- 
70, 78]. The microscale TJ diffusivity in NPC materials is higher than the diffusivity 
at microstructural interfacial GBs due to the structurally weaker bonding nature of 
TJs [18, 42, 56-58, 71 and 72]. Rapid TJ diffusion has important consequences for a 
range of properties of NPC materials such as hydrogen transport, super elasticity and 
diffusional creep [1, 43, 44, 59, 60-62 and 68].
Electrodeposited NPC nickel has several engineering and aerospace industrial 
applications; one such application in aerospace industries is in the thrust chambers of 
rocket engines. Typical applications have been in the Ariane satellite launcher and 
the main engine o f the NASA Space Shuttle [1, 74]. Production of NPC material 
using electrodeposition pulse-plating techniques have been subjected to extensive 
research in recent years due to the economic viability of the process [73,75]. During 
the manufacturing process of NPC nickel, hydrogen impurities are introduced into
11
the material. The presence of hydrogen atoms in steel and nickel increases the 
potential for embrittlement related failures [3, 79, and 80]. Consequently 
electrodeposited NPC nickels have gained the attention of the scientific community. 
The diffusivity properties of hydrogen atom transport in electrodeposited NPC nickel 
are different in the grain interior (GI), the grain boundary (GB), the grain boundary 
affected zone (GBAZ) and the triple junction (TJ) [43]. The intergranular (Ig) region 
is composed of GBAZ and TJ. A high density of TJs is found in such materials due 
to their small grain size. To control the hydrogen embrittlement of electrodeposited 
NPC nickel it is important to consider the properties and microstructural 
characteristics of the TJ. The hydrogen diffusivity in the TJ is approximately three 
times the diffusivity in GBs which in turn is approximately seventy times the 
diffusivity in the GI [43]. Locations where the concentration o f hydrogen atoms is 
higher in this material will have an increased tendency for the initiation of 
embrittlement related failure. The TJ, where three grain boundaries meet, plays an 
important and dominant role in NPC electrodeposited nickel with respect to 
hydrogen transport due to the higher relative volume fraction, weaker bonding 
structures and higher diffusivity compared to the GB and the GI [44]. The presence 
of residual pores, cluster vacancies and very fine grains in NPC nickel have been 
reported previously [5, 44 and 45] showing that the NPC nickels are different from 
conventional coarse grain nickel materials. Thus it is important to treat the TJ as an 
independent defect and consider its microstructural morphology to investigate the 
hydrogen transport in electrodeposited NPC nickel both in computational and 
experimental studies.
Grain size and trapping effect on hydrogen diffusion
Hydrogen is a common fuel in rocket engines and these rocket engines are 
made of polycrystalline materials. It is well known that hydrogen causes 
embrittlement in many poly crystalline materials, including high nickel content 
polycrystalline materials and catastrophic failure can occur in hydrogen fuel rocket 
engine components [20, 22-23, 83-92, 102, 132-136]. Hydrogen induced 
intergranular and transgranular embrittlement in poly crystalline materials are well 
established as causes of catastrophic brittle failure and have been studied extensively
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for more than five decades [22-23, 83-92, 102]. Apart from rocket systems, hydrogen 
diffusion, segregation and trapping in metallic poly crystalline materials is also 
significant as a cause of hydrogen embrittlement in clean energy fuel storage systems 
used as power sources in the aerospace and automotive sectors. Physical 
microstructural factors such as grain size, grain boundaries, and dislocations, grain 
boundary segregation of impurities, carbides and non-metallic particles have been 
identified as playing important roles in this phenomenon [3-4, 16, 23, 32, 42-47, 92 - 
103, 112-114, 119-124, 137-152]. For example, segregation of phosphorous and 
sulphur assists hydrogen embrittlement in nickel based superalloys [143, 144]. Some 
of these microstructural features, such as grain boundaries, may also promote faster 
diffusion of hydrogen due to the locally disordered atomic structure [2-4, 95, 99-103, 
112-114, and 142]. GBs may also act as hydrogen trap (or segregation) sites when 
the probability of atomic hydrogen jumping into GB sites (capture) is greater than 
that of atomic hydrogen jumping out of GB sites (escape) [115-118]. Grain boundary 
segregation engineering (GBSE) is fundamental to understanding intergranular 
hydrogen embrittlement [2, 115, 118, 119, and 142]. Dislocation sites may also act 
as traps for hydrogen atoms (by providing a deeper potential energy well) and 
hydrogen atoms jumping into these sites may reside for longer times than in lattice 
sites [115-118]. These trapping effects can lead to an overall decrease in the rate of 
hydrogen transport over time [23, 92, 104-108]. The processes of hydrogen transport 
through/near such microstructural features are important for understanding the 
different modes of hydrogen induced cracking (HIC) in polycrystalline nickel [e.g. 2, 
94].
Intergranular and transgranular failures are two different modes of HIC. HIC 
commonly occurs along grain boundaries where high concentrations of hydrogen can 
exist [94]. These concentrations highlight the importance of including the random 
grain boundaries in any numerical model designed to predict embrittlement. Detailed 
descriptions of the importance of grain boundary diffusion of hydrogen in nickel can 
be found in Harris [2, 115]. In nickel components combinations of micro 
polycrystalline and nano polycrystalline nickel micro structures are often 
encountered. These are complex composites comprising irregular polygonal grains, 
random grain boundaries and triple junctions. The detailed nature of random 
irregular micro and nano polygonal grains and random irregular grain boundaries is
significant when considering the processes of hydrogen diffusion and segregation 
mechanisms that lead to embrittlement failure in nickel [2, 95, and 96], Plastic 
deformations in polycrystalline metallic materials are accommodated by clusters of 
dislocation. Dislocations are classified as statistically sored dislocation and 
geometrically necessary dislocations (GNDs) by Nye [130]. Statistically sored 
dislocations are dislocations consist of loops; dipoles and multiples larger than the 
Burger’s circuit and GNDs represent the dislocations stored within a Burger’s circuit 
and contribute to lattice curvature [48]. Manufacturing processes such as casting, 
electrodeposition and welding of polycrystalline materials and post-manufacturing 
processes such as hot rolling, cold rolling, heat treatment and hardening using 
thermo-mechanical processing produces residual plastic strain and GB misorientation 
which is directly associated with geometric necessary dislocation density (GND). In 
order to understand GBSE for hydrogen transport based on elastic and plastic strains 
developed by manufacturing processes, a trap model and multi-scale multi-phase 
microstructural model has been developed to study the effect of GB misorientation, 
GND density and trap density in hydrogen segregation mechanisms in 
poly crystalline material. GB misorientations accommodate GNDs [3, 115, 125, and 
142]. Hydrogen diffusion and segregation may increase or decrease depending on 
GB misorientation, GND density and GB energy, and GNDs can act as trapping sites 
for hydrogen in polycrystalline materials. It is also reported that hydrogen diffusion 
and segregation is influenced by GNDs, dislocation density, triple junctions (TJs), 
GB misorientation and GB connectivity [3, 125, and 126]. The GND density may 
also vary depending on the GB misorientation types, angle and the GB energy. 
Previously hydrogen diffusion in FCC poly crystalline material has been studied 
using a SIMS technique and it was reported that high energy GBs accelerate the 
diffusivity of hydrogen [3, 118, 125, 127-131 and 142]. Raabe et al. observed double 
nano layers in grain boundary interfaces with thicknesses of 10 to 15 nm in 
poly crystalline steel material. Impurity segregation and nano precipitation in this 
intergranular double layer was also reported [119, 120]. Micro precipitation in 
intergranular double layers in nickel-based poly crystalline alloys have been reported 
[151]. This indicates that it is important to take into account this intergranular double 
layer interface when studying the GBSE of impurity segregation and trapping in 
polycrystalline materials.
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Real microstructure and GB diffusivity
Grain boundary (GB) diffusion plays an important role in many processes 
occurring in engineering materials [3, 112, 113, 153-155], including intergranular 
cracking due to hydrogen embrittlement (HE) [4, 26, 28]. Reliable information on 
GB diffusion properties can be used in the development and processing of new and 
existing metals and alloys in order to reduce their susceptibility to cracking and 
failure [3-4, 90-91, 112, 113, 156, 157, 160, 161]. Traditionally, grain boundary 
diffusion may be characterised experimentally using radioactive tracers, secondary 
ion mass spectroscopy (SIMS) or by using bi-crystal electrochemical permeation 
tests. These techniques are expensive, time consuming, challenging to perform and 
only provide data for one specific grain boundary orientation [156-159]. Van Loo 
also noted that small experimental errors can result in significant errors in the 
measurement of GB diffusivity [158, 159]. It would therefore be useful to develop 
the ability to estimate GB diffusivity using computational techniques that could also 
allow the accuracy of experimental diffusion measurements to be assessed. This 
thesis presents a micro structure-based multi-scale finite element (FE) computational 
approach that uses experimentally-collected electron backscatter diffraction (EBSD) 
data to calculate the GB diffusivity of hydrogen in polycrystalline nickel.
Coupled Macro-Micro model for hydrogen diffusion
Hydrogen embrittlement often plays an important role in the catastrophic 
failure or premature brittle rupture of a structural component. Prediction of hydrogen 
embrittlement phenomena within a component requires multiple length scales to be 
accounted for and has attracted research attention over a significant period [162, 
147]. Some mechanisms that affect hydrogen embrittlement include hydrogen 
diffusion in short circuit paths such as grain boundaries [1, 163-165]. Intergranular 
mechanisms such as segregation of hydrogen and hydrogen traps along grain 
boundaries and triple junctions affect hydrogen embrittlement in the form of 
intergranular embrittlement [11 and 166]. The hydrogen embrittlement mechanisms 
of cracking occur intrinsically at a microstructural level and have frequently been 
regarded as microstructural intergranular phenomena [167,-168]. So it is important to
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include these microstructural intergranular phenomena at the design stage to 
investigate the hydrogen embrittlement mechanisms and life prediction analyses of 
structural materials at the component level. Computational investigation of the 
component macro-scale hydrogen embrittlement problem, including detailed 
heterogeneous microstructure, usually requires the use of multi-core processor or 
supercomputers. In practice, to avoid this complexity the component macro-scale 
hydrogen embrittlement problem is investigated by neglecting the detail of the 
micro structure of the poly crystalline material. But such component level macro-scale 
models provide limited understanding of the hydrogen embrittlement problem. In this 
thesis a multiscale modeling technique is proposed which accounts for the effects of 
the heterogeneous micro structure in an investigation of hydrogen embrittlement 
phenomena at the component level.
Effect of GB misorientation on hydrogen embrittlement
Crystallographic interfaces and micro-textures such as GB misorientation are 
characterized by specific arrangements of their atoms. They play a prominent role in 
aerospace components which are typically made of high strength, high toughness, 
and corrosion resistant as well as high temperature metallic materials such as nickel, 
titanium and nickel-based super alloys [4, 26, 28, 103, 166, 176-181]. Nickel and 
nickel-based super alloys are made up of complex micro structures and have been 
used in aerospace applications for many years. Several catastrophic failures have 
occurred in poly crystalline material including nickel and nickel-based super alloys in 
aerospace components due to environmental cracking, hydrogen stress cracking and 
hydrogen embrittlement [1-2, 22, 26, 28, 206-213]. Hydrogen embrittlement is a 
costly problem in which structural degradation of the susceptible material leads to 
catastrophic failure. Atomic impurities in structural materials may arise at different 
times, during fabrication in a manufacturing process or during operational use under 
service environmental conditions. The susceptibility of structural materials to 
hydrogen embrittlement depends on many factors including hydrogen atom- 
micro structural interactions [26, 28, 166, 181], microstructural intergranular 
engineering [103, 177, 178] and texture morphological behaviour [178-180]. By 
understanding and controlling some of these factors the susceptibility of materials
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can be reduced [166, 182-185]. Even though there is a considerable amount of 
information available regarding the relationship between cry stallographic micro - 
textures of materials such as TGB misorientation angles and hydrogen induced stress 
cracking [177, 186, 187], there has not been enough research done implementing this 
information into computational tools in order to understand material design and 
material design optimization based on GB engineering using finite element analysis 
(FEA). It is important to understand both the GB engineering and the relationship 
between misorientation angle and chemical and mechanical material degradation and 
properties at the design stage to develop new materials and to optimize existing 
materials to improve efficiency and increase the resistance of materials to hydrogen 
induced intergranular cracking, ideally implementing this approach into industrially 
applicable simulations.
The presence of GBs, interphase boundaries and the segregation of impurities 
(which is affected by GB misorientation) significantly affects chemical, and 
mechanical properties as well as fracture processes such as crack nucleation and 
crack propagation in textured poly crystalline metallic materials [103, 176-180]. It is 
already known that high densities of GBs, the types of GBs and GB misorientations 
with specific angles are important. These could potentially be optimized to increase 
properties such as the strength, ductility and fracture toughness of textured 
polycrystalline metallic materials. On the other hand, GBs and GB misorientation 
can also be potential sites for segregation of impurities, cracks and fracture and their 
behaviour is responsible for GB embrittlement depending on the characteristics of 
the GBs misorientations within them [166, 179, 181-189]. It has been recently found 
that low angle grain boundaries and low E coincidence boundaries or coincidence 
site lattices (CSL) are immune to intergranular fractures that lead to intergranular 
cracking and intergranular embrittlement [179, 180]. On the other hand high angle 
boundaries are preferential sites for fractures leading to crack nucleation and 
propagation [166, 179, 180, and 182]. Watanabe introduced the concept of ‘grain 
boundary design and control’ suggesting that GB misorientation and grain boundary 
character distribution (GBCD) are key microstructural parameters controlling the 
fracture toughness of polycrystalline metallic materials [103, 166, 177-181]. 
Palumbo developed this concept as grain boundary engineering (GBE) and improved 
intergranular susceptibility by implementing GBE in nickel-based super alloys [27,
166, 181-185]. The GB misorientation and the distributions of GB misorientation 
angles are important parameters controlling the propensity of segregation of 
impurities and stress induced hydrogen fractures that can lead to catastrophic GB 
embrittlement failure of textured poly crystalline metallic materials. It is well known 
from the literature that texture and GB misorientation play important role in 
impurity-induced cracking [103, 177-179, 181-189]. Therefore, it would be of 
interest to implement GB misorientation in finite element modelling and develop a 
procedure to quantify the effect of GB misorientation and crystallographic texture on 
the stress induced mass diffusion of impurities in polycrystalline textured nickel 
developed for aerospace applications.
Most existing studies of the effect of environmental impurities (i.e. sulphur, 
hydrogen, oxygen, boron etc.) on embrittlement and cracking mechanisms in 
poly crystalline structural materials are based on global, macro mechanical properties. 
However microstructural inhomogeneity and micro-texture can result in micro­
cracks and dislocation formation which may lead to macroscopic environmental 
failures of poly crystalline materials [4, 26, 28]. Since a poly crystalline material is an 
aggregate of crystal grains of various sizes and shapes, its macroscopic properties are 
affected by the properties of individual grains. Each individual crystal in 
polycrystalline nickel may exhibit elastic anisotropy due to its crystal symmetric 
characteristics. The elastic deformation of single crystals may exhibit anisotropy 
depending on the orientation of the crystal. The presence of microstructural 
inhomogeneity, morphological and crystallographic textures will certainly affect the 
correlation between experimental observation and prediction based on an assumed 
homogeneous deformation [190-194]. So with a better understanding of 
microstructural local behaviour of high performance poly crystalline materials, the 
embrittlement problem may be reduced or perhaps solved by expanding the concept 
of microstructural local behaviour of polycrystalline engineering structural materials 
into design and analysis.
The local microstructural multi-physics stress induced hydrogen behaviour of 
materials is strongly affected by GB misorientation angles. The macroscopic 
environmental embrittlement cracking behaviour of materials is associated with local 
dislocation stresses generated at the interface between crystals due to the GB
misorientation angles and the segregation and accumulation of hydrogen to these 
dislocations. Segregation of hydrogen has been experimentally observed at GBs in 
bi-crystalline and polycrystalline nickel and an increase in the amount of segregated 
hydrogen increases the possibility of intergranular hydrogen embrittlement where 
fracture is observed along the intergranular region [26, 116, and 195], It has also 
been observed that the GB misorientation angle affects the GB diffusion of hydrogen 
in a material [16, 196]. Thus, it is important to understand the relationship between 
GB misorientation angle and hydrogen segregation in nickel. The GB misorientation 
angle that allows the highest segregation of hydrogen along the GBs plays a key role 
in determining the structural integrity of nickel when considering intergranular 
hydrogen embrittlement.
The geometric distribution of grains shapes, sizes, grain boundary lengths and 
statistical distributions of GB misorientation angles of metallic materials can be 
acquired experimentally using the electron back scattering diffraction (EBSD) 
technique and X-ray diffraction [197-199]. In numerical models the Voronoi 
tessellation technique is a well-established approximation technique used to model 
the actual microstructure of bi-crystal poly crystalline materials and GB 
misorientation. The angle of rotation between different crystals can be assigned 
directly onto a meso-scale microstructural framework consisting of a Voronoi 
tessellation [13, 199]. The advantage of FEA simulation of bi-crystalline and 
polycrystalline materials is that GB misorientation angles, crystallographic 
morphology and textures such as grain size and shape of the grains can be defined as 
needed. The meso-scale microstructural polycrystalline model can be embedded into 
a macro scale continuum model [61, 200-202]. Thus it may be possible to 
computationally study the relationship between GB misorientation angles, 
stress/strain distributions and hydrogen embrittlement using FEA. If the FEA is 
performed before processing real bi-crystal and polycrystalline specimens, 
characteristics of localized stress, strain, hydrogen distribution in mesostructure can 
be predicted.
In the mechanical stress analysis of bi-crystal and polycrystalline aggregates, 
the local microstructural elastic deformation behaviour of individual FCC single 
crystal structures will generally be anisotropic exhibiting orthotropic behaviour in 
nature [7, 203-205]. Previous research by den Toonder et al. [204] concluded that
using the average isotropic elastic properties is incorrect for cubic bi-crystal and 
poly crystalline aggregate micro structures. FCC crystals are mechanically anisotropic 
due to the orientation dependence of the activation of crystallographic deformation 
mechanisms, and dependence on other mechanical phenomena such as strength, 
shape change and crystallographic texture (orientation distribution) etc. [7, 205, 206].
Multi-physics Coupled Macro-Micro model for hydrogen 
embrittlement
The aerospace industry has experienced unexpected hydrogen embrittlement 
problems for many years and the structural failures due to hydrogen embrittlement of 
aerospace components made of poly crystalline face-centred cubic (FCC) nickel and 
nickel based super alloy are often sudden and unpredictable. They may occur after a 
few hours, a few days or sometimes it may take years after manufacturing the 
component using manufacturing process such as welding, electroplating, etc. [e.g. 
86, 101, 102, 215-222]. Hydrogen embrittlement generally concerns interactions 
between the microstructure, dislocations, hydrogen absorption/diffusion and stress 
[1-4, 164]. Hydrogen and stress may be introduced into the metal during the 
manufacturing process. The chemical diffusion of hydrogen is inhomogeneous at the 
microstructural level in nickel due to the difference in the diffusivity within grains 
and at grain boundaries as reported by Harris et a l [2], Palumbo et al [1] and 
Gertsman et a l [164]. The initial stress distribution in FCC polycrystalline nickel is 
often inhomogeneous at the microstructural level due to the random crystallographic 
texture and the anisotropic properties of individual crystals, even under uniform 
applied stress. Inhomogeneous local stress distributions will impact on the stress 
assisted diffusion of hydrogen in poly crystalline nickel. They may play a critical role 
in the initiation of small micro cracks, such as intergranular cracks. The behaviour of 
these intergranular cracks is dependent on the inclination of the local grain boundary 
with respect to the tensile axis as reported in Kamaya et a l [223]. The growth of 
such cracks contributes to the potential failure of the material. It is therefore 
important to try to account for important microstructural phenomena within a 
component scale model to aid prediction of hydrogen embrittlement.
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Micro-mechanism analysis of hydrogen induced cracking in nickel 
based superalloy 718
Superalloys are commonly used in aerospace engines, land based gas 
turbines, nuclear power plants as well as chemical plant application just to mention a 
few areas of interest. As the name “superalloy” indicates, this group of material 
possess “super good” properties at elevated temperatures and is rarely challenged 
today by any other group of material [226]. One reason for this advantage is their 
strength at high temperature (>500°C) coupled with adequate ductility behaviour. A 
multi-component system, such as Alloy 718, contains many alloying elements and is 
one of the most commonly used superalloys being used today in the aerospace 
industry [88-89, 227 and 228]. Alloy 718 is useful in a very large range of different 
type of applications. It can be used in big static casings, Figure 1, as well as in 
rotating disks used in i.e., aero engines. Alloy 718 possesses a complex 
micro structure which is susceptible to ductility and delayed failure due to the 
presence of hydrogen through embrittlement phenomena.
Micro structure plays a significant role in hydrogen induced cracking / 
hydrogen embrittlement in poly crystalline metallic materials including superalloy 
Alloy718 [90, 103, 143, 166, 177-179, 180-189, 198, 231-242]. It is well known that 
the intergranular regions play critical role as preferential sites for crack nucleation 
and propagations in intergranular hydrogen induced cracking (IHIC)/ intergranular 
hydrogen embrittlement (IHE) of polycrystalline metallic materials [103, 118, 122, 
127, 137, 142-143, 147, 173, 198, 231-235, 248-252]. It has been previously reported 
that GBCDs based on coincidence site lattice (CSL) such as high angle grain 
boundaries (HAGBs) act as preferential sites for crack nucleation. Cracks never 
nucleate at low angle grain boundaries (LAGBs). Surprisingly coherent (E3) twin 
boundaries act as potential sites for crack nucleation. Twin boundaries are also 
reported to have higher resistance to intergranular cracking in FCC and BCC 
polycrystalline materials [90, 103, 166, 177-179, 181-189]. Grain boundary 
Engineering has been applied in nickel based super alloys to enhance the resistance 
to fracture [90, 178, 179, 186, and 241]. TJs also play significant role in the IHIC in 
FCC and BCC poly crystalline materials due to generation of compatibility stresses in
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TJs which act as preferential sites for cavitation causing crack nucleation and 
propagation [103, 118, 122, 127, 142, 177, 183, 184, 248, and 249].
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CHAPTER 3
AIMS AND OBJECTIVES
The aim of this research is to investigate and understand the factors and 
microstructural features that affect the hydrogen embrittlement of materials such as 
nickel and nickel based super alloy 718 using multiscale modelling and experimental 
approaches. The weldability and effect of hydrogen on three different grades of pulse 
plated nickel will also be investigated.
The research objectives are as follows.
• Initially investigate various effects of micro structure such as grain size, 
grain boundaries, triple junctions and defects on hydrogen diffusion in 
polycrystalline nickel using microstructural modelling.
• Characterize conventional electrodeposited and pulse plated nickel using 
2 dimensional and 3 dimensional electron backscattering diffraction 
(EBSD) analysis.
• Develop a microstructural based finite element (FE) model of the 
hydrogen permeation test to predict the hydrogen diffusion properties in 
conventional and pulse plated nickel.
• Investigate the effect of GB misorientation on hydrogen embrittlement in 
bi-crystal and polycrystalline nickel using a multiscale FE model.
• Develop microscale -  macroscale coupling techniques to investigate 
hydrogen diffusion and the multi-physics of hydrogen embrittlement 
problems.
• Investigate the micro-mechanism of hydrogen embrittlement in nickel 
based super alloy 718 and pulse plated nickel using in-situ and ex-situ 
hydrogen charging slow strain rate tests (SSRT), scanning electron 
microscopy and EBSD.
• Investigate the susceptibility to cracking using a weldability test on three 
different grades of pulse plated nickel (including an established grade and 
newly developed grades).
• Increase the strain to failure in pulse plated nickel using grain boundary 
engineering (GBE) control and design.
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MULTISCALE EXPERIMENTAL METHODS
4.1 Materials
The materials used in these experiments were a pure electrodeposited nickel, 
three different grades o f pulse plated nickel (PP-Ni), a nickel based super alloy 
Inconel 718.
Vuicain Combustion chamber
Figure 4.1.1 shows the Ariane5 Vuicain combustion chamber and a magnified view 
near the weldment. [260]
The PP-Ni is deposited over copper and copper alloy (e.g. CuAgZr alloy) substrates 
during the production process. Two fuel manifolds made from Inconel 718 are
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welded onto the PP-Ni chamber as shown in figure 4.1.1. Nickel based super alloy 
718 is manufactured by GKN aerospace (previously known as Volvo Aero). Volvo 
Aero is the w orld's largest supplier o f  combustion chambers and nozzles to 
commercial launch vehicles and is also the European centre o f  excellence for rocket 
turbines [Jokob Norgaard, New concept for Rocket engines, Force Technology 
presentation]. The as-manufactured chemical composition o f  the alloy 718 sample 
specimens is shown in table 4.1.2 in weight percentage (wt. %).
Al B c Nb Co Cr Cu Fe M n M o Ni P s Si Ti Ta
0.58 0.004 0.067 4.93 0.55 18.10 0.07 18.50 0.23 3.06 53.10 <0.005 <0.002 0.06
■
1.03 <0.05
Table 4.1.2 shows the impurities compositions measured in PP-Ni.
Units: PPM 
(mean value / 
std. deviation)
Hydrogen Oxygen Sulphur Carbon Nitrogen
Grade 1 7/2 34/9 31/16 44/12 3/1
Grade 2 5/2 25/7 50/25 42/23 2/1
Grade 3 1/1 12 12 14 0.5
Table 4.1.1 shows the impurity compositions measured in PP-Ni.
Examples o f the PP-Ni weldability test sample specimens and IN718 SSRT test 
samples specimens are shown in figure 4.1.2.
Figure 4.1.2 shows the some of the weldability test samples and SSRT test sample 
specimens.
4.2 Sample preparation
26
The samples used for material characterization such as scanning electron 
microscopy (SEM), secondary electron (SE) and 2D electron backscattering 
diffraction (EBSD) were cut from combustion chamber to provide several 
specimens; near the weldment, copper, copper alloy, alloy 718 and copper-PP-Ni 
interfaces, some of the PP-Ni as deposited, some before and after annealing and 
some before and after slow strain rate test (SSRT). These are mounted using 
conductive epoxy resin as shown in figure 4.2.1 (a). The mounted samples were 
mechanically ground using P600, P400 and P280 silicon carbide grid paper for 6 
minutes depending on the sample material. The mechanically ground specimens are 
polished using two different techniques 1) mechanical polishing and 2) electro 
polishing. Mechanical polishing was done with 9pm, 3 pm and lpm  diamond 
suspension for 6 minutes, 10 minutes and 15 minutes respectively. The final 
polishing was done using 0.02 pm colloidal silica for 25 minutes. The nickel and 
nickel based super alloys are electro-polished using two polishing steps, an initial 
step for rough polishing using 15% perchloric acid (HCIO4) in acetic acid (C2H4O2) 
at 15V DC current and a subsequent step for fine polishing using 3% perchloric acid 
in acetic acid at 5V DC current. Electro-polishing was done after the specimens 
were mechanically polished for 15 minutes using a 3pm diamond suspension to 
remove the roughness of the sample surface. The sample preparation for 3D EBSD 
involves 80° edge mechanical cutting of the sample as shown in figure 4.2.1 (b) and 
then carefully mechanical polishing similar to 2D EBSD on top surface and side 
surface. Then the samples were trenched to reduce re-deposition and to avoid 
shadowing effect during EBSD analysis and a thin layer of platinum was deposited 
on the top surface for homogenization cutting as shown in figure 4.2.1 (c) and (d).
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4.3 SEM/EBSD
Metallographic observations for detailed microstructural evaluation on 
mechanically ground and polished samples were done using a Phillips XL30 
Scanning Electron M icroscope at various magnifications. Both TSL and HKJL EBSD 
systems were used for 2D EBSD characterization. An Oxford instrument channel 5 
HKL system configured in a Phillips XL30 Scanning Electron Microscopy was used 
for EBSD characterization at 20 kV accelerating voltage with a beam spot size 
between 5 and 7 nm.
Face to  be exam ined
Figure 4.2.1 (a) shows the specimen mounted on conductive resin, (b) shows the 3D 
EBSD sample, (c) shows the 3D EBSD sample with large trenches and (d) shows 3D 
EBSD sample after milling and platinum layering (Note: Tranches are milled to 
reduce re-deposition and avoid shadowing effects and a platinum layer is deposited 
for homogenization o f FIB cutting.).
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Figure 4.3.1 shows the FEG-SEM chamber.
A Nordilus Camera inserted to 164.1mm on specimen chamber and the sample 
specimen holder titled to 70° and then the keeping the working distance o f  about 
20.3 for most cases. An EDAX EBSD system (EDAX, NJ, USA) combining an FEI 
Nova 600 Nanolab dual-beam scanning focused ion beam (FIB) field emission gun 
SEM (FEG-SEM) was used for 3D EBSD characterization with 20 kV electron beam 
and 30 kV FIB accelerating voltage and a liquid Ga+ source. 180° rotation was done 
between FIB milling and EBSD acquisition with 200 nm slice thickness for 8 8  slices. 
The FEG-SEM chamber is shown in figure 4.3.1.Different step size starts from 0.05 
pm to 1 pm were used in the EBSD analyses depending on the sample grain size. 
The camera was set to 4 x4  binning, noise reduction was set to 2 frames per second 
and the Hough transform was set to 120 for most cases. The EBSD data was post 
processed using TSL EDAX Orientation image microscopy (OIM) analysis software 
and HKL Tango mapping software. The GB misorientation, grain orientation, grain 
size and CSL fraction were analysed using post processing and S311 (i.e. n < 3 S3, S9 
and S27) GB was classified using the Brandon criterion. Grain boundary and triple
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junction characteristic distributions and classifications are explained in detail in the 
Results sections.
4.4 Slow strain rate test (SSRT)
The slow strain rate test is one o f most commonly used and accepted testing 
methods to determine the susceptibility o f  a material to hydrogen embrittlement (HE) 
by taking into account the interaction between a hydrogen environment and applied 
stress due to mechanical loading at a slow strain rate. The basic principle o f  this 
testing method is continuous constant strain rate loading in either hydrogen pre­
charged samples or with continuous hydrogen charging for tests up to fracture. 
Material properties such as elongation to failure, yield strength and ultimate tensile 
strength are measured. The SSRT test is also performed in air to compare the 
material properties with and without a hydrogen environment to quantify the effect 
o f  hydrogen on material performance. It is important to note that the strain rate 
should not be too low and the generally recommended strain rates are in the range o f  
10° to 10~8 s' 1 depending on material. IN718 and different grades o f PP-Ni SSRT are 
machined to the test specimen dimensions as shown in figure 4.4.1.
THICKNESS = 1mm j
54m m
Thlckness=3.2m m
---------------
R=5mir» R=2m m  £=
- Z - y
lU m m
IN718 3m m
r
5m m  
*
10m m
1 0 m m 8m m P l
Figure 4.4.1 shows the dimension o f  SSRT sample specimen (i.e. PP-Ni and IN718).
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Slow strain rate testing (SSRT) was conducted with two different strain rates 
o f  10"4 s ' 1 and 10° s' 1 along the rolling direction (RD) at ambient temperature (21 °C) 
using an Instron 8511 hydraulic testing machine. SSRT tests were conducted in air 
and using an in-situ hydrogen charging condition. For IN718 material hydrogen was 
introduced into the specimens prior to tests for 4 hours and 16 hours (i.e. internal 
hydrogen embrittlement) and also in-situ hydrogen charging continuously was used 
during the SSRT (i.e. environmental hydrogen embrittlement) using cathodic 
charging at room temperature. In the different grades o f  PP-Ni hydrogen was 
introduced into the specimens prior to tests for 72 hours at 90°C and there was no 
hydrogen introduced while testing. Cathodic charging was performed in a 3% NaCl 
aqueous solution containing 3.0 g .dnf o f  ammonium thiocyanate (NH4SCN) at a 
current density o f  10 Am* using platinum as a counter electrode. Total hydrogen 
charging time is determined by addition o f  the pre-charging time (i.e. 4 or 16 or 72 
hours) to the experimental fracture strain divided by the strain rate. Hydrogen 
charging was stopped when the specimen failed. Hydrogen charging during tensile 
testing introduces external hydrogen efficiently into the samples via hydrogen 
transport and stress assisted diffusion. Figure 4.4.2 shows the temperature control 
electrochemical charging cells and ex-situ SSRT testing machine.
Ex-situ SSRT Machine
Figure 4.4.2 (a) shows the electrochemical charging cells and (b) shows the ex-situ 
SSRT testing machine.
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4.5 Heat treatment
Manufacturing techniques such as electrodeposition, welding etc. may 
produce residual stress and hydrogen into the materials. Heat treatments were 
carried out in vacuum furnaces for annealing o f  the material to relieve the residual 
stresses and effuse the hydrogen atom from material. Heat treatment was also carried 
out for grain boundary engineering purposes to modify grain orientations and grain 
boundary misorientations in an attempt to increase the fraction o f  particular special 
grain boundaries. Heat treatments are also usually carried out for precipitate 
strengthening in the two steps o f  solution heat treatment followed by age hardening. 
Figure 4.5.1 shows the heat treatment furnace and some o f the TDS and SSRT heat 
treated specimens. The IN718 SSRT sample specimens were solution heat treated at 
954°C for 1 hour and then furnace cooled at a rate o f 20°C per minute down to 
500°C followed by a normal furnace cooling to room temperature.
Figure 4.5.1 (a) shows the heat treatment furnace and (b) shows some o f the heat 
treated samples.
4.6 Weldability test
Weldability test are used to assess the susceptibility o f  welds to hot and cold 
cracking. The test quantifies the cracking susceptibility for welding o f the material. 
More than 150 weldability tests exist. The Longitudinal Varestraint (normally called 
Varestraint) test developed by Savage et al  is the most commonly used test method
to study hot cracking susceptibility and sensitivity o f weld metals (including heat 
affected zone, HAZ, cracking and solidification cracking) by making real welds in 
the longitudinal direction on the specimen while rapidly applying strain during 
welding as shown in figure 4.6.1. Three different grades o f PP-Ni specimens for 
Varestraint test were manufactured using pulse plating techniques and machined to 
40 mm width. 100mm length and 3mm and 4mm thickness, as shown in figure 4.1.2 
(a). Augmented strain (i.e. the applied strain) can be varied by varying the bending 
die block radius as shown figure 4.6.2. The augmented strain percentage can also be 
varied by varying the thickness o f  the specimens. The augmented strain (s) is 
calculated using equation 4.6.1.
e = — x  100 % (4.6.1)
2 R v
Where t = thickness o f the sample specimen and R=radius o f  the bending die block.
STEP1
STEP3
Figure 4.6.1 shows the Weldability testing machine and close view o f  Varestraint test 
steps.
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Front View
(c)
Figure 4.6.2 shows two different types o f  bending die blocks with two different 
radiuses, (a), (b) shows the side view with different die blocks [Note: The larger the 
die block radius the smaller the augmented strain] and (c) shows the specimen top 
view and weld travel direction.
Varestraint tests were conducted on the PP-Ni specimens after pulse plating under 
both the uncharged condition and the hydrogen charged condition to understand the 
weld crack susceptibility and the effect o f hydrogen for established (grade 1) and 
newly developed (grades 2 and 3) materials.
♦ -------  Travel
o z z ::::::d
Top View
W elding Current Weld W eld Bendin Gas Die Die Thickness Thickness
Speed (I) offset Length g flow block block 1 2
(W s) Speed (Argon Radiu Radius2
(B s) Gas) si
1.0 70 5 50 10 15 1 20 50 3 4
m m /s Amps mm mm m m /s /m in mm mm mm mm
Table 4.6.1 shows the weldability test parameters used.
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The average total crack length (TCL) (calculated using both HAZ and Fusion Zone 
(FZ) o f individual tests at particular augmented strains) is compared between 
different grades o f  materials and between hydrogen charged and uncharged 
specimens. The tested sample surfaces are examined for cracking using microscopy 
at low magnifications between 20x to 60x. The Varestraint testing parameters used 
are shown in table. 4.6.1.
4.7 Thermal desorption Analysis (TDA):
Thermal desorption analysis was used to evaluate the hydrogen content in the 
material by measuring the hydrogen desorption rate while heating the sample at a 
constant rate. The experimental setup and schematic o f  TDA can be found in figure 
4.7.1.
Figure 4.7.1 (a) shows the Schematic illustration o f TDA with gas chromatography 
[271], (b) shows the real setup o f TDA and (c) show the close view o f TDA.
As the temperature increases the hydrogen present in the sample specimen 
escapes and diffuses out o f  the sample and desorbs to the gas chromatography unit 
with helium as a carrier gas. The amount o f hydrogen is then measured. The
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dimensions of the samples used for TDA are 1.5 cm width, 1.5 cm length with 1 mm 
thickness as shown in figure 4.5.1 (b).
CHAPTER 5
MATHEMATICAL MODEL
5.1 Mathematical description of hydrogen diffusion
The hydrogen flux vector /  consists of a combination of hydrogen generated 
by the hydrogen concentration gradient Jc. The hydrogen flux vector generated by 
the hydrogen concentration gradient is based on Fick’s first law o f diffusion by using 
the thermodynamic formulation based on the Gibbs free enthalpy.
J { X , t ) = J c{X,t)  (5.1.1)
]c{X,t) = -D VC = - D { ^ -  + d- ^ f  + a- ^ - y )  (5.1.2)
l c(X, t)  =  (5.1.3)
Based on the law o f matter conservation, the amount of hydrogen is expressed by the 
continuity equation based on a transient (time dependent) diffusion process without 
trapping as described by Fick’s second law
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ac T -  = - d iv j (5.1.4)
£  = D V C
d t (5.1.5)
dC _  n  d 2C(X,t)
at d X 2 (5.1.6)
••• ^  =  DhCat (5.1.7)
Where the concentration of hydrogen is C, V is the gradient operator, A is the 
Laplace operator and X  represents three dimensions (3D) x,y,z. The commercial 
software ABAQUS implements the governing equation for stress driven diffusion as
j-c = sDA<p (5.1.8)
Where s is solubility, and 0  = C/s is the normalized hydrogen concentration
A numerical finite element approach for stress induced hydrogen diffusion:
The standard Galerkin process is used where the element shape functions 
N /r)  serve as trial and weight residual functions , y=l,2,3,...,n are the number of 
nodes of the finite element mesh.
[Mii]{%} + ( W M C j }  = {Ft) (5.1.9)
Where i=l represents the component vector column, [...] represents components 
element matrices, [Mtj] represents the concentration capacity matrix given by 
equation (5.1.10), [K-j] represents the diffusion matrix given by equations (5.1.11), 
where i  = 1 and [Ft\ represents the diffusion flux vector columns given by equation 
(5.1.12).
[My] =  Sv NtNjdV =Sv [A]T[A]dV (5.1.10)
=  D f  VNtVNjdV = D f[B]T[B]dV (5.1.11)
[Fil = -JsSs NidS (5.1.12)
The interpolation matrices [A] and [B] are given in equations (5.1.13) to (5.1.15).
Cj = M{C;} (5.1.13)
(5.1.14)
VC = [£?]{£}} (5.1.15)
38
The time integration in transient hydrogen concentration utilizes the modified 
Crank-Nicholson method given in equation (5.1.16).
= (5.1.16)
The final equation is given by equation (5.1.17).
( s K l  +  [Ky]) V jh + tt =  ( s K l )  +  {*!} (5.1.17)
5.2 A mathematical description of stress assist hydrogen diffusion
The hydrogen flux vector generated by the hydrostatic stress gradient is based 
on a modified Fick’s first law by taking into account the stress field where the 
concentration of hydrogen is C, R  is the ideal gas constant equal to 8.314 J/mol K 
and the partial molar volume of hydrogen is V/, (2000 mm /mol) [214],
](X,  C) =  ]C(X, t) +Jh(X, t) (5.2.1)
JC(X, t) =  —DVC = (5-2.2)
Jh(X, t) =  ~rCVff/i (5.2.3)
(5.2.4)
■■■} (X.t)  =  + (5.2.5)
J v J dX RT dX v '
Where hydrostatic stress gradient <Jh in the heterogeneous micro structural material. 
Hydrostatic stresses <7* is defined as
&h ~  2 C&XX 4" G - y y  T Gzz) (5.2.6)
Based on the law o f matter conservation, the amount of hydrogen is expressed by the 
continuity equation based on a transient (time dependent) diffusion process without 
trapping as described by Fick’s second law
f  =  - d lv j  (5.2.7)
= (CV2ah + VCVah) (5.2.8)
d c  _  D  d 2C(X,t) DVh c  d 2a h DVh d o h dc (5 2 9)
d t  d X 2 RT d X 2 RT dX dX \  )
: . ^ =  DAC - ^ C A o h - ^ V C V o h (5.2.10)
d t  RT n RT n v y
The commercial software ABAQUS implements the governing equation for stress 
driven diffusion as shown in equation (5.2.11).
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• • •  f = SDA* -  ( 5 Z " >
Where s is solubility, To = OK and C/s is the normalized hydrogen concentration 
which is dependent on the hydrostatic stresses as expressed in the equation below.
* = G ^ )  <5-2-l2>
Where the unstressed state of the normalized concentration under the condition of 
hydrogen-metal equilibrium is 0 O .
A numerical finite element approach for stress induced hydrogen diffusion:
The standard Galerkin process of the element shape functions N /r)  were used 
to approximate the distribution of stresses as shown in the equation (5.2.13).
°k(r) = E ahjNj (r) (5.2.13)
Where approximate distributions of stresses are ^ ( r )  and element shape functions 
Nj(r) serve as trial and weight residual functions , y=l,2,3,...,n are the number of 
nodes of the finite element mesh. In order to apply equation (5.2.14) in finite element 
analysis of stress assisted diffusion, equation (5.2.11) is converted to its discrete form 
given by equation (5.2.14).
[My] { ^ }  +  ([Klj] + [K{j] + [Klj]){Cj} = {Ft} (5.2.14)
Where i=l,2,3,...,n, {...} represents the component vector column, [...] represents 
components element matrices, [My] represents the concentration capacity matrix 
given by equation (5.2.15), [K}j] represents the diffusion matrix given by equations 
(5.2.16), (5.2.17) and (5.2.18), where i  = 1,2,3 and [FJ represents the diffusion flux
vector columns given by equation (20).
[My] =  f v NiNj d V = { v [A]T[A]dV (5.2.15)
=  D f  VNjVNjdV = D / [B]T[B]dV (5.2.16)
[*«?]= (5-217)
to?] =  (5.2.18)
[Ftl = ~Js Is NidS =  fs [A]T0dS  (5.2.19)
Where 0 =  DVC -  DVh ,R(T-T„)
The interpolation matrices are [A] and [B] given in equations (5.2.20) to (5.2.23).
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Cj =  [A]{Cj} (5.2.20)
(5.2.21)
V<rh =  [B][ah] (5.2.22)
VC = [B]{C; ] (5.2.23)
The time integration in transient hydrogen concentration utilizes the modified
Crank-Nicholson method given in equation (5.2.24).
{ ^ }  = ^ ( { Cy W - { C ; }t) (5.2.24)
The final equation is given by equation (5.2.25).
( 5  [ % ]  +  M y l )  t o  W  =  ( 5  [M y] -  [*iy] " [ * « ] )  to > t  +  W )  (5-2 -2 5 )
41
CHAPTER 6
MULTISCALE COMPUTATIONAL METHODS
6.1 Synthetic polycrystalline microstructure model
The workings of a computationally modelled heterogeneous polycrystalline 
micro structure and the effects of average intragranular phase size and intergranular 
phase are presented here. Voronoi tessellation techniques were adopted to 
geometrically model the polycrystalline material. The 2D polycrystalline 
micro structure was randomly created as polygonal intragranular phase grains 
surrounded by zero intergranular phase thickness in the fixed 2D plane area. The 
grains were generated by calling the Voronoi generation function in MATLAB. 
Seeds for the Voronoi polygon grains were generated using random points. Then by 
averaging the vertices of each cell the centre point of these random polygons grain 
cells were calculated. Interior Voronoi polygon grains are generated using the 
calculated centre points and by matrix arithmetic, as shown in equation (6.1.1), the 
random intergranular phase thickness was introduced into the poly crystalline 
micro structure as shown in the figure 6.1.1. Each polygonal intragranular region is 
surrounded by the intergranular phase thicknesses which are shared by adjoining 
polygonal grains to form a random poly crystalline micro structure with a random
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intergranular phase as shown in the figure 6.1.1. The average thicknesses o f  the 
random intergranular phase are controlled by controlling the number o f  seeds. The 
average size o f the intragranular polygonal phase grains and its distribution are 
controlled by controlling the number o f  seeds and their relative position in the fixed 
representative area element.
(a) (b) (c)
Figure 6.1.1 Polycrystalline microstructures (a) With zero intergranular phase 
thickness (b) Atomic structure o f a two dimensional model o f  nanostructured 
material. The atoms in the centres o f the crystals are indicated in black represented as 
grains. Those in the boundary core regions are drawn as open circles representing 
grain boundaries [32] (c) Same as (a) but with nonzero random intergranular phase 
thickness.
(ipvx, ipvy ) =  (1 — 6) * (opvx, opvy ) +  6 * (cmx, cmy ) (6.1.1)
In the above equation ipvx, opvx  are the inner and original centre polygon vertex x- 
coordinate values respectively, ipvy, opvy  are the inner and original centre polygon 
vertex y-coordinate values respectively, cmx, cmy  is the calculated centre point o f 
original centre closed polygon coordinates x and y coordinate values respectively and 
S is the average thickness o f  the random polygon.
A MATLAB code was developed to determine the inner Voronoi polygon grain 
cells edges, vertices, and centre for each randomly generated polygon o f the 
polycrystalline microstructures and these data were exported to the PYTHON 
programming language. Then PYTHON code was developed to import the inner and 
outer Voronoi polygon grain cells data. By using these data, lines were drawn for 
each polygon cells vertices to partition the faces o f each polygon. An average 
random intergranular phase thickness was generated in MATLAB (for example 5 nm 
is used for an approximate average grain size o f  100 pm as shown in figure 6.1.2).
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The polycrystalline microstructures for different average grain size ranges from 
100 pm to 0 .01pm  were simulated. According to many reported results, the 
importance o f  triple junctions is significant when the average grain size is less than 
l Onm [7]. In this work the triple junction is not specified individually but is 
incorporated as part o f the intergranular phase.
The MATLAB and PYTHON codes were used to obtain different average 
intragranular polygon phase grain sizes, different surface areas per unit volume o f 
intergranular regions, different average intergranular phase thicknesses and different 
volume fractions o f intergranular microstructures by changing the number o f  
Voronoi seeds/scale factors and the thickness between the interior and exterior 
Voronoi diagrams.
(a) (b) (c)
Figure 6.1.2 (a) computationally generated 2D Representative Volume Element 
model o f  heterogeneous polycrystalline microstructure with average random 
intergranular phase thickness o f  5 nm and approximate grain size o f 100 pm. (b) 
Heterogeneous polycrystalline microstructures with random intergranular phase 
shared between adjoining polygonal intragranular phases, (c) Schematic cross section 
through a two dimensional nano-glass. The atoms are represented by circles. The 
material consists o f small interior regions (filled circles) in which the interatomic 
spacings are similar to a bulk glass. In the interfacial region (broken lines, open 
circles) a broad spectrum o f interatomic spacings exists [42],
A mesh convergence study was then performed in ABAQUS to eliminate the 
mesh sensitivity from results and to ensure the precision o f  the analysis. The number 
o f  elements used was based on the mesh convergence study. Triangular elements 
were generated as they were suitable for capturing the complexity o f  the geometry 
required. Intergranular and intragranular phases were given different diffusion 
properties according to the constitutive equations. The diffusivity parameters o f 
intragranular and intergranular phases used in the finite element model were o f  the 
order o f  9 x  10_14m2/s and 4 x 10 -10 m2/s respectively.
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6.2 Microstructural homogenization Method
In the microstructural homogenization technique, it is the practice o f  most 
microstructural models to consider the representative volume element RVE o f 
heterogeneous microstructural distribution in a periodic arrangement to reduce the 
complexity o f  the analysis and for computational efficiency. Figure 6.2.1 shows the 
heterogeneous macroscopic polycrystalline composite media and the intergranular 
and intragranular microstructural RVEs.
Heterogenous macroscopic polycrytalline composite media
R VE with intergranuglar 
and intragrangular 
microstructure (MR VE)
Figure 6.2.1 Heterogeneous polycrystalline composite media and microstructural 
representative volume element.
In a heterogeneous composite polycrystalline medium, the actual microstructural 
intergranular and intragranular distributions are random. The generated 2D random 
intergranular polygon and random intragranular microstructural distribution were 
taken as the microstructural representative volume element (MRVE) and 
implemented in the finite element model to generate the 2D finite element 
microstructural representative volume element model (FEMRVE). This MRVE has 
the same mass transport properties and intragranular volume fraction as the 
composite media. The heterogeneous MRVE were embedded with the homogeneous 
RVE (HRVE) to global RVE (GRVE) as shown in the figure 6.2.2 to make it easier 
to find the unknown effective composite mass transport constant. Both the
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heterogeneous MRVE and HRVE have the same mass transport constants. Normally, 
the heterogeneous polycrystalline composite media is modelled as a homogenous 
media with certain effective mass transport properties that describe the average 
hydrogen transport properties of the heterogeneous polycrystalline phase field 
micro structure.
In the present work, the hydrogen transport equations are solved numerically. 
The macroscopic 2D domain, that is, Q, made of heterogeneous poly crystalline 
composite media. The microstructural response of the material was analysed using 
RVEs of microscopic length scale (t), where microscopic size scale is much small 
than the macroscopic length scale (L). The length scale ratio is represented by the 
small parameter s=(/L where s is the small parameter 0 < e «  1. The periodic in 
local variable y=x/s and for each x  c Q. All the field variables are macroscopic (jc), 
microscopic (y) and time dependent (/) as @(x,y,t) = &(x^c/s,t).
The steady state mass flow equilibrium of the macroscopic Q  domain is:
1 ^  =  0 in/2 (6.2.1)
O X  j
Where d j j d x i  denotes the mass flux vector through the macroscopic unit area, the 
suffix / denotes the directions.
Jtn t = j  on T (6.2.3)
Where /  is the prescribed mass flux normal to the boundary T, 71* is the outward 
vector component normal to the boundary. The constitutive equation for the mass 
flux at any point in macroscopic D domain is given by
/ « ( * ) = - v * ) - ( £ + ®  (6-2-3)
J i M  = —Dij(x).VCj{x) (6.2.4)
Where Dy  second order diffusivity tensor. The local properties are assumed to be 
isotropic in this work. is defined according to the underlying intergranular and 
intragranular micro structure.
For a uniform mass flux at the boundary, the mass flux at any point x  e T  is 
given by the equation below. To describe macroscopic homogeneous media, the
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steady state microscale mass flows through the microscopic domain were volume 
averaged as shown below.
/ , (* ) •  n, = 7 i  OO.rij
7 i W  =  < - D i y ( y ) - V C ( ( y ) >
(6.2.5)
(6.2.6) 
(6.2.7)
Where / £(x) is the macroscopic mass flux and Ji(y) is the microscopic mass flux.
(a)
y2ci
'efT
HRVE
c l
(b)
Cs(y)=l
Co(y)=0
Figure 6.2.2 (a) GRVE with MRVE embedded with HRVE (b) Mass concentration 
profile in HRVE with increase or decrease at MRVE due to intergranular 
microstructures and (c) the boundary condition o f the GRVE for FE analysis.
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Consider the two dimensional heterogeneous polycrystalline microstructural 
composite media formed by periodically distributed polycrystalline intragranular and 
intergranular microscopic regions with the diffusion coefficient Dig and Dgbi
corresponding concentrations are denoted by Cg(y), Cgb(y) and Cejfy). According to 
the effective medium theory, the macroscopic heterogeneous polycrystalline 
composite periodic media were replaced by the MRVE consisting of randomly 
generated polygon grains as intragranular micro structure and randomly generated 
grain boundaries embedded between the polygon grains as intergranular 
micro structure. These are embedded into the homogeneous RVE (HRVE) with the 
diffusion coefficient Dh and concentration Q (x) as shown in figure 6.2.2(b). The 
Global RVE (GRVE) is the whole and consists of the HRVE and MRVE 
substructure. The direction of mass flow is from left to right through the GRVE 
normal to the interface of the MRVE and HRVE. The HRVE diffusion constant was 
taken as any value between the Dig and Dgb microstructural diffusion constant. The 
driving mechanism for mass transport is the concentration gradient developing in the 
volume as a result of boundary conditions. Figure 6.2.2 (c) Shows the boundary 
condition of the GRVE for FE analysis.
Under steady state conditions the mass flux in the MRVE is equal to the mass flux 
in the HRVE, as shown in the equation below. The boundary conditions are
The effective mass diffusivity of the MRVE can be calculated using the above 
equations.
In the above equation k i g , kgb are the intergranular and intragranular coefficients 
respectively characterizing the effective mass diffusion o f the MRVE. The average
respectively and its effective diffusion coefficient Deff shown in Figure 6.2.2 (a). The
•• •  Jhi ( y )  =  Jeff  ( y )
_  r, dCe f f  
h  T “ r  —  U p f f  „dyl  ef f  dyl (6.2.9)
(6 .2 .8)
!  (ACi-Cs)  _  {AC0-A C X)
h Cv l - y l ) ef f  ( y i - y i )
(6 .2 .10)
Where ACX =  Cx d y 2 , AC0 = 0 and De f f (Dig, Dgb, k ig, kgb)
®e f f ( y )  ~  kig^ig (y) T kgbDgb( y ) (6 .2 .11)
mass diffusion coefficients obtained from the simulation results were compared with 
the effective medium approximation analytical results which are shown in result and 
discussion section.
6.3 Real microstructural RVE model and virtual permeation test
The real micro structure has been extracted from EBSD analysis data. An 
algorithm was developed to extract data from EBSD data files and convert them into 
Abaqus mesoscale microstructural meshes. The Abaqus geometric model uses the 
following information extracted from the EBSD data:
• Grain shape, size and structure of the observed micro structure.
• Volume fractions of grains, grain boundaries and triple junctions.
• Statistical distributions of the crystal orientation and grain boundary 
misorientations.
In the computational model the grain boundaries were assigned a thickness of 10 A 
to form “grain boundary affected zones” (GBAZ). This allows the enhanced 
diffusivity associated with the grain boundaries to be accounted for numerically. 
Figure 6.3.1 shows the flow of conversion of real micro structure into ABAQUS FE 
micro structure RVE model and meshes. Figure 6.3.1 (a) shows the real 
micro structure of electrodeposited nickel observed experimentally using EBSD 
analysis. Figure 6.3.1 (b), (c) and (d) shows the converted ABAQUS real MRVE 
model, shows the close up view of meshed model and shows the close up view near a 
triple junction with grain boundary affected zone (GBAZ) and grain boundary (GB) 
and fine mesh in GBAZ respectively.
Based on this MRVE model, virtual electrochemical hydrogen permeation 
tests were developed as a standard, reliable and industrially applicable micro-scale 
FE simulation of real permeation tests in order to calculate the effective hydrogen 
diffusivity in poly crystalline material by considering the micro structure 
morphological effects using real EBSD-derived microstructures. Experimental 
electrochemical permeation tests comprise two chambers, “cathodic” and “anodic”, 
separated by the nickel sample as shown in figure 6.3.2. In this experiment current as 
function of time is measured.
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Inverse pole figure (IPF)
Triple Junction ain boundary
GBAZ
Figure 6.3.1 (a) EBSD analysis result and IPF image showing the real microstructure 
o f  electrodeposited nickel foil, (b) shows the ABAQUS ‘real’ microstructure RVE 
model (c) shows a magnified view o f the meshed model (d) Shows a magnified view 
o f the mesh near a grain boundary and triple junction.
The hydrogen diffusivity (D) and subsurface concentration (Co) in the sample 
specimen can be calculated using equations 6.3.1 and 6.3.2.
D  =  (L2) / (M * tL) (6 .3 .1 )
Where, L = thickness o f  the specimen used in experimental permeation test (m), M = 
6 for 63% o f Imax related lag time (fr) (sec), fr = Time lag represents the time 
required for the anodic exit current to reach 0.63 o f its steady state current (i.e. fr 
can be calculated from the experimental curve) and Imax = maximum current.
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Co= [ ( Im a x * L )/(A * E c* D ) ] (6.3.2)
Where A = area o f the sample. Note: A ^L2, Ec= elementary charge ( 1.6*10'19 C)
Charging Chamber/ Detection Chamber/
Cathodic polarization Anodic polarization
H*+ e  * HJ4Jl H‘* e
Uadi * Hjb' Haui * Had
h 2s o 4 NaOH
(a) « -------------^ ------------------ »j
Dl, Dgb F lu x  (J) 
 >
I in amps
(c)
T im e(s)
Figure 6.3.2 Experimental setup o f electrochemical permeation test. Nickel sample 
foil with lattice (blue) and grain boundary high diffusivity path (black).
The virtual permeation test, based on multiscale FE modelling, was validated using
experimental electrochemical permeation test results. This technique was also
applied for PP-Ni and results are discussed in later sections.
51
6.4 Micro-macro coupling techniques
Prediction of hydrogen embrittlement phenomena within a component 
requires multiple length scales to be accounted for and has attracted research 
attention over a significant period [162, 147]. Some mechanisms that affect hydrogen 
embrittlement include hydrogen diffusion in short circuit paths such as grain 
boundaries and triple junctions [1, 163, 164, and 165]. The hydrogen embrittlement 
mechanisms of cracking are intrinsically microstructural level and have frequently 
been regarded as microstructural intergranular phenomena [167, 168]. So it is 
important to include these microstructural intergranular phenomena at the design 
stage to investigate the hydrogen embrittlement mechanisms and life prediction 
analyses of structural materials at the component level. Computational investigation 
of the component macro-scale hydrogen embrittlement problem, including detailed 
heterogeneous micro structure, usually requires the use of supercomputers. In 
practice, to avoid this complexity the component macro-scale hydrogen 
embrittlement problem is investigated by neglecting the detail of the micro structure 
of the poly crystalline material. But such component level macro-scale models 
provide limited understanding of the hydrogen embrittlement problem. In this thesis 
a multiscale modeling technique is proposed which accounts for the effects of the 
heterogeneous micro structure in an investigation of the hydrogen embrittlement 
phenomena at the component level. The proposed micro-macro coupled multiscale 
model is capable of resolving the necessary microstructural phenomena 
simultaneously with less usage of computer resources and decreased computational 
time. This section describes the method. The model is termed the coupled 
Micro structure and Continuum Critical Defect modelling (CMCD) method and uses 
substructural (Tie boundary) and submodelling (Cut boundary) techniques to 
investigate the hydrogen embrittlement mechanism. The CMCD technique consists 
of a microstructural model near critical sites such as cracks, defects and voids as a 
submodel which is coupled to continuum models (macro-scale) away from critical 
sites. The CMCD method thus replaces the continuum domain near the critical sites 
by including relevant microstructural features such as grains, grain boundaries, triple 
junctions, voids, defects and clustered grains. The component level macroscopic 
body is considered as a macro continuum domain (Qc) and modeled as a global 
continuum model with single or multiple pre-existing critical micro crack sites or
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without any pre-existing micro cracks. The micro domain near the critical defect site 
contains intergranular and intragranular heterogeneous microstructural features. In 
the micro domain (Qm) region any combination of microstructural features can be 
included depending on the nature of the problem. Details of the model of the micro 
domain with heterogeneous two phase intragranular and intergranular microstructural 
model can be found in chapter 7.1. Initially a continuum model without pre-existing 
defect sites is run to find the critical defect sites in the continuum model. These 
critical sites are then subsequently modeled as micro domains.
The CMCD modeling technique can be employed using two methods to 
couple the micro domain to the continuum domain as illustrated in the Figure 6.4.1. 
These alternative approaches are the (i) substructure micro domains (Qmss) method 
and (ii) submodel micro domain (QmSm) method. The substructure micro domain 
(&mss) is coupled through a tie boundary (dQt) with the continuum domain (Qc) and 
the boundary value problem is solved as a single problem. The submodel micro 
domain {Qmsm) is coupled as a cut boundary (dQc) with the continuum domain and 
the boundary value problem is solved as two decomposed problems as shown in 
Figure 6.4.1 (d). In brief, these boundary techniques allow the creation o f refined 
element meshes in the localized micro submodel regions with the same degree o f 
freedom as the global macro model. The localized micro submodel reacts to the load 
and boundary conditions o f the global macro model. The tie and cut boundary 
elements and nodal DOFs, load and boundary condition datasets are stored in a 
different data file and are handled using subroutine programs to run the localized 
micro substructure analyses. As a test, the proposed CMCD technique is 
implemented to investigate the hydrogen embrittlement mechanism. The present 
model will connect the hydrogen diffusion and accumulation mechanism in the 
microstructural region to the macroscopic hydrogen embrittlement. The model 
includes the heterogeneous intragranular and intergranular microstructural defects as 
a substructure or submodel near critical sites. This localization of the microstructural 
domain limits the expenditure of computational resources and allows much more 
detailed information to be obtained for the embrittling effects of hydrogen in 
structural poly crystalline materials. The information from the continuum domain can 
be passed to the microstructural Qmss or Qmsm so that the hydrogen embrittlement
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mechanism can be investigated at the microstructural level and understood better 
with detailed microstructural information.
Macro Continutm Domain Q< Micro Ooman Q., CMCO Domain Qc*
FIGURE: 6.4.1 Schematic o f  the coupled microstructural and continuum critical 
dislocation site model using heterogeneous intragranular and intergranular 
microstructural domain as substructures or submodels.
(a) <b) (c)
Global Macro Confanuum Domain Qm Micro Daman Q„ Micro critical dislocation Me
I
FIGURE 6.4.2 (a) Macro Continuum domain with a micro domain containing a 
microcrack, (b) Schematic close-up view o f micro domain, a region o f  heterogeneous 
intragranular and intergranular microstructural polycrystalline material with the pre­
existing microcrack (c) Close up view o f critical intragranular and intergranular
Critical
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microstructural dislocation site containing a microcrack tip in the absence of 
hydrogen, (d) Close up view of critical intragranular and intergranular 
microstructural dislocation site containing a microcrack tip in the presence of 
hydrogen accumulation near the crack tip (e) A critical amount of hydrogen 
concentration after a certain period of time due to stress assisted hydrogen diffusion 
near the micro cracks leads to catastrophic failure or premature brittle rupture.
The hydrogen diffusion boundary value problem for this CMCD model is 
solved using finite element method by employing the weighted residual Galerkin 
method developed within the finite element analysis software ABAQUS. PYTHON 
script has been developed to link the macro-micro models in the form of boundary 
techniques. This work tests the two methods of the CMCD modeling technique by 
investigating the hydrogen embrittlement mechanism using hydrogen diffusion 
problem based on Fick’s law using two methods, initially with substructure micro 
domains (Qmss) method and then with a submodel micro domain (Qmsm) method. 
Both the problems modelled are limited to traps and stress and strain assisted 
diffusion. Figure 6.4.2 shows the schematics of the CMCD modeling technique. 
These techniques were applied to both hydrogen diffusion problem as well as the 
multi-physics chemo-mechanical problem (i.e. stress assisted hydrogen diffusion 
analysis). The mechanical analysis and stress-assisted diffusion models are coupled 
sequentially. First the mechanical problem of the multiscale CMCD model is solved 
which is then used in the subsequent stress assisted hydrogen diffusion model. Thus 
the CMCD model attempts to bridge the gap between microstructural and continuum 
length scales to investigate the chemo-mechanical hydrogen embrittlement problem.
The mechanical response of the coupled domain is captured firstly using an 
initial static stress analysis. Initially, the stress analysis is done at the macro- 
structural level, assuming the material is isotropic. These results are transferred to the 
microstructural level sub-mesh, via the submodelling technique. This effectively 
maps values from the macro model to the boundaries of the micro mesh. Values 
calculated in the micro region are similarly mapped back onto the macro mesh at the 
next stress analysis. The same macro to micro coupling procedure is carried out for 
the hydrogen diffusion analysis as well. In the micro-scale model the material 
mechanical anisotropy is accounted for by assigning individual grains random 
crystallographic orientations (for example in FCC nickel single crystal elastic 
constants Cn=247 GPa, C]2=147 GPa and C44=125 GPa). The micro-level model
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also includes micro-level stress-based driving forces for hydrogen diffusion. 
Hydrogen diffusion without the effect of stress in an FCC single crystal is isotropic 
with one independent diffusion material property. However, hydrogen diffusion in 
grain boundaries is faster than diffusion within grains in nickel. The hydrogen 
diffusivity and initial hydrogen concentration values used in the micro model within 
grains and in grain boundary affected zones are different. The results and detailed 
discussion for these models are discussed in later sections.
6.5 Multi-scale specimen model:
Atomic features such as local arrangements of atoms, misorientation of atoms 
at lattice and grain boundaries, vacancies, and grain boundaries energies also play 
vital roles in hydrogen diffusion and hydrogen embrittlement [145, 254-259]. The 
diffusivity of hydrogen also depends on the position before and after an atomic 
hydrogen jump, the jump length of hydrogen atoms and the jumping rate between 
neighbouring sites (T),
D = nL2T (6.5.1)
r  kBT r AE+AZPE~\ „  -  _r = — exp[ ------ — j (6.5.2)
Z P E = ± ’Z v hv  (6.5.3)
Where n is a numerical coefficient which depends on the initial and final position of 
hydrogen i.e. before and after hydrogen jumps, L is the jump length projected onto 
the diffusion direction and it can be calculated using the nudged elastic band (NEB) 
method, T is jump rate between neighbouring sites, AE  is the activation energy 
barrier, v is a real normal mode frequency, AZPE is the difference in zero-point 
vibrational energies between ground state and transition state as shown below and 
more details can be found in elsewhere [e.g. 145, 256-259].
TS
AE
ZPE
GS
Coupling the atomic model calculated information into MFE model allows the 
influence of such atomistic features to be accounted for. The grain boundary
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energy/diffusion values calculated using first-principles density function theory 
(DFT) simulation and its references can be found on figure 6.5.1. These GBCD 
energy/diffusion values are used within the MRVE model. (Detailed information 
about first-principles investigations using DFT simulation based atomic calculations 
o f  various grain boundaries characteristic distributions (GBCD) energy/diffusion 
values can be found elsewhere [145, 253, 260, 4]). The multi-scale specimen model 
was used to analysis hydrogen induced fracture criteria as shown in Figure 6.5.1. The 
outcomes o f this multi-scale specimen model can be found in the results section.
T h ic k n e ss= lm m
(a)
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Figure 6.5.1 (a) shows the SSRT specimen drawing and dimension. The SSRT 
specimens o f  VULCAIN combustion chamber PP-Ni from AIRBUS Group as shown 
as follows, (b) and (c) Experimental SEM/EBSD microstructure image and real 
SSRT sample specimen, (d) ABAQUS model with coarse mesh (e) shows the 
ABAQUS FE microstructural representative volume element (MRVE) model (f) 
shows the grain boundary characteristics o f MRVE and colour code, (g) shows the 
fine mesh at the 13 type grain boundary affected zone and associated grains and (h) 
shows the atomic structure 13 type grain boundary [260].
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RESULTS AND DISCUSSION
Hydrogen induced intergranular embrittlement has been identified as a cause 
of failure of aerospace components such as combustion chambers made from 
electrodeposited polycrystalline nickel. Accurate computational analysis and 
prediction of this process requires the understanding and knowledge of many factors. 
This chapter contains several self-contained analyses of increasing complexity which 
aim to build up a more detailed understanding of this problem. The specific contents 
of each subsection are described below.
The effect of microstructure such as intergranular, intergranular and grain 
size on effective hydrogen diffusion properties and bulk diffusion of hydrogen in 
polycrystalline nickel: This drives the author to develop a synthetic microstructural 
model to predict the effective diffusion coefficient based on intergranular regions and 
grain size effects of heterogeneous polycrystalline nickel material. Results are 
discussed in chapter 7.1
The effects of triple junctions (TJs), pores/voids and fine grains at TJs on the 
bulk diffusion of hydrogen in micro and nano polycrystalline (NPC) nickel. This
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drives the author to investigate these effects in synthetic micro and nano 
polycrystalline nickel structures. Results are discussed in chapter 7.2.
The effective diffusion coefficient of hydrogen may be measured 
experimentally, though experimental measurement of the intergranular grain 
boundary diffusion coefficient of hydrogen requires significant effort. Therefore the 
author developed a finite element approach to calculate the intergranular GB 
hydrogen diffusivity and isotropic effective diffusivity of conventional 
electrodeposited nickel using real microstructures. Data from 2D electron backscatter 
diffraction (EBSD) measurements were used to construct 2D mesoscale 
microstructural representative volume elements (MRVE) including details of grain 
size and shape and volume fractions of grains and grain boundaries. A PYTHON 
optimization code was developed for the ABAQUS environment to calculate the 
unknown grain boundary diffusivity. The mesoscale FE simulation results are 
validated using experimental electrochemical permeation test results. Results from 
this computational approach can be found in chapter 7.3.
In order to understand the grain structure, size, shape, orientation and GB 
misorientation distribution of electrodeposited pulse plated nickel in the Ariane-5 
Vulcain-2 combustion chamber referring to 3D EBSD analysis were used with an 
SEM/EBSD/FIB system. Another aim of this work is to investigate the effect of this 
microstructure on hydrogen permeation along the three principal directions by 
constructing 3D meso-microstructural RVEs based on real microstructure using 3D 
EBSD data. These anisotropic hydrogen permeation properties are then applied to the 
combustion chamber. Results and discussion can be found in chapter 7.4.
The effect of grain boundary misorientation on stress assisted hydrogen 
diffusion in bi-crystal and poly crystalline nickel: The author developeds bi-crystal 
and polycrystalline models to investigate these effects. The results and discussion of 
these investigations can be found in chapter 7.5. Chapter 7.5 contains the results and 
discussion concerning computational techniques and tools developed to understand 
hydrogen embrittlement and hydrogen induced intergranular cracking based on grain 
boundary (GB) engineering with the help of computational materials engineering. 
This study can help to optimize GB misorientation configurations by identifying the
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cases that would improve resistance to hydrogen embrittlement. In order to optimize 
it is important to understand the influence of misorientation angle on the atomic 
clustered hydrogen distribution under the impact of dilatational stress distributions. 
In this study, a number of bi-crystal and polycrystalline FE models with tilt grain 
boundary (TGB) misorientation angles (0) ranging between 0°< 0 < 90° were 
developed, with rotation performed about the [001] axis. Local stress and strain 
concentrations generated along the TGB (due to the difference in individual 
neighbouring crystals elastic anisotropy response as a function of misorientation 
angles) were evaluated when bi-crystals and polycrystals were subjected to overall 
uniform applied traction. Finally, the hydrogen distribution and segregations as a 
function of misorientation angles were studied. In real nickel, as opposed to the 
numerical model, geometrically necessary dislocations are generated due to GB 
misorientation. The generated dislocation motion along TGBs in response to 
dilatational mismatch varies depending on the misorientation angles. These 
dislocation motions affect the stress, strain and hydrogen distribution. Hydrogen 
segregates along these dislocations which act as traps and since the dislocation 
distribution varies depending on misorientation angles the hydrogen trapping is also 
influenced by misorientation angles.
Prediction of hydrogen embrittlement within a component requires the 
influence of several length scales to be accounted for. The loads that affect the rate of 
hydrogen diffusion, typically thermal and structural, derive from the macro or 
component scale. Micro-structural analysis has an important role to play in providing 
accurate estimates of the typically homogenous material characteristics employed by 
modellers at the component scale. This inspired the author to develop the coupled 
microstructural and continuum including critical defect site (CMCD) techniques to 
couple the micro-scale and macro-scale models and to investigate hydrogen diffusion 
and hydrogen embrittlement in specimens and components. The results and 
discussion of this micro-macro CMCD coupling technique can be found in chapter 
7.6. A micro-scale model is employed in critical regions of the component where 
resolution of the heterogeneous behaviour is necessary. A tie boundary/cut boundary 
technique is introduced to couple the micro-scale model to the macro-scale model. 
This technique offers a computationally efficient procedure to analyse the multi-scale 
inter-granular hydrogen embrittlement in a polycrystalline material.
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In chapter 7.7, the multiscale CMCD is implemented to investigate the 
hydrogen embrittlement o f a tensile specimen via simulation o f  the chemo- 
mechanical process (i.e. a stress assisted hydrogen diffusion analysis). Within a 
macro scale finite element model the macro domain is replaced at critical defect sites 
with a microstructural domain and as described in section 7.6. Resolution o f the 
different microstructural material characteristics within the grain and grain boundary, 
including grain orientation, can be used to improve the predicted distributions o f both 
hydrogen and stress within the microstructure. The results show that microstructural 
features o f polycrystalline nickel play an important role in the segregation of 
hydrogen which may lead to hydrogen induced crack initiation and development. 
Computational analyses are presented to demonstrate the application o f the model in 
an attempt to bridge the gap between the micro and macro length scales for the 
chemo-mechanical problem where a pre-placed micro-crack in a loaded specimen 
plate in a hydrogen rich environment was investigated.
AIRBUS have reported that GBs play a critical role as preferential sites for 
crack nucleation and propagation in hydrogen induced cracking (HIC) o f 
polycrystalline FCC nickel materials, as shown in figure 7.1. Real microstructures 
from EBSD analysis o f  an annealed nickel specimen were simulated to investigate 
the localized HIC. Fractured specimens were observed using SEM/EBSD/OIM 
analysis to validate the FE multiscale simulation results described in chapter 7.8.
00036798 00036811
Figure 7.1 shows the fracture due to hydrogen embrittlement in the heat affected 
zone (HAZ) o f a weld (Fracture is intergranular) [Note: Data supplied by Airbus].
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The nickel-iron based superalloy Alloy 718 possesses a complex 
microstructure which is susceptible to ductility and delayed failure due to the 
presence of hydrogen through such embrittlement phenomena (Hicks et al., 1992, 
Lynch et al., 2003, Xu et al., 1994). Despite many studies on hydrogen embrittlement 
in superalloy Alloy718, very little information is reported on the relationships 
between the following:
• Micro-mechanisms of hydrogen induced localization slip along 
intergranular micro-void formation and intergranular hydrogen 
cracking/embrittlement.
• Micro-mechanisms of crystal lattice micro-voids and pressure for 
hydrogen induced transgranular cracking.
• Micro-mechanisms of microstructural grain boundary misorientations, 
triple junction characteristics and hydrogen induced intergranular cracking 
phenomena.
This motivated the author to investigate the effects of the above mentioned micro­
mechanisms on hydrogen induced cracking using an in-situ hydrogen charging SSRT 
test and SEM/EBSD/OIM in order to explore ways of increasing the resistivity of the 
nickel-iron based superalloy 718 to hydrogen induced cracking/embrittlement. 
Results and discussion of this investigation can be found in chapter 7.9
7.1 Effect of microstructure on hydrogen diffusivity
A 2D phase field finite element microstructural representative volume element 
(FEMRVE) model with different intergranular and intragranular microstructures has 
been developed using the Voronoi tessellation technique and calculated the effective 
diffusivity of heterogeneous polycrystalline nickel for various intergranular and 
intragranular microstructures using FEMRVE model.
7.1.1 Experimental results
Heterogeneous polycrystalline microstructures are divided into intergranular phase 
and intragranular phase. The results of the five different synthetic heterogeneous 
phase field microstructures developed computationally as the function of 
intergranular and intergranular fraction are shown in figure 7.1.1. Magnified views 
are shown in figure 7.1.2. These synthetic microstructures are developed to
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investigate the effect o f hydrogen diffusion and its properties as a function of 
microstructure. Figure 7.1.3 shows the average perimeter to area o f grains as a 
function o f grain size.
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Figure 7.1.1 shows the computationally generated microstructure model as a function 
o f intergranular fraction (Note: Decreasing intergranular phase fraction from (a-e)).
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Figure 7.1.2 (a-e) shows the magnified view o f the computationally generated phase 
field microstructure model as a function o f intergranular fraction.
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Figure 7.1.3 shows the results o f computationally generated microstructure phase 
field model as the average perimeter to area o f grains as the function o f grain size.
Hydrogen diffusion coefficients for intergranular and intragranular 
microstructure are different and the different hydrogen diffusion properties response 
o f the intergranular phase and intragranular phase are also incorporated. At the 
present stage, no attempt was made to consider anisotropic effects o f hydrogen 
diffusion; the anisotropic effects were studied in real microstructure o f PP-Ni and 
reported in section 7.3. The diffusion o f hydrogen for five different intergranular 
fractions was carried out. Figure 7.1.4 shows the FE hydrogen diffusion analysis 
results for the computed effective concentration o f hydrogen for the different 
microstructures. The size o f the intergranular region and grain size have a significant 
effect on the effective diffusion o f hydrogen.
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Figure 7.1.4 (a-e) Cross section in the xy plane o f the steady state mass concentration 
o f global representative volume elements with microstructural representative volume 
element for five different average grain sizes starts from 0.009039 pm (9.039 nm) in 
increasing by one order o f magnitude to 90.39 pm.
Figure 7.1.5 (a) shows the computational results o f average surface area o f 
intergranular phase plotted as a function o f average grain size with the trend o f the 
line found to be based on a power law as shown in the equation (7.1.1). Figure 7.1.5 
(b) shows the change in volume fraction o f intergranular phase as the function of 
average grain size.
SAlg=k.dn (7.1.1)
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Figure 7.1.5 (a) Computational results o f volume fraction o f intergranular phase as a 
function o f average grain size, (b) Computational results (solid line) and power law 
A jg a d '0972 (dotted line) o f average surface area o f intergranular phase (A jg) as a 
function o f average grain size.
7.1.2 Discussion
The average surface area o f intergranular phase increases when the grain size 
decreases as is clearly shown by the computational results in figure 7.1.5 (a). The 
computational results of average surface area o f intergranular phase are found to be 
dependent on the grain size. The volume fraction o f intergranular microstructure 
phase increases as the average grain size decreases as shown in figure 7.1. (b). In the 
following discussion the results are divided into three ranges corresponding to 
differing average grain sizes. These are (i) 1 pm to 100 pm, (ii) 100 nm to 1000 nm 
and (iii) l Onm to 100 nm. In the first range the volume fraction o f intergranular 
phase shows a very small increase, which is less than 0.01, for the 2 orders o f change 
in average grain sizes. In the second range the variation in volume fraction o f 
intergranular phase is high when compared to the previous range but this is very 
much lower when compared to the final range. In the third range the variation in the 
volume fraction o f intergranular phase is quite high given that the average grain size 
changes by one order. This clearly shows that the intergranular phase dominates 
when the average grain size less is than 100 nm.
Figure 7.1.6 shows the evolution o f effective mass diffusivity of 
heterogeneous polycrystalline composite media as the function o f average surface 
area o f intergranular phase. The effective mass diffusivity o f the polycrystalline 
composite media decreases with decreasing average surface area o f intergranular 
phase. The decrease in intergranular surface area corresponds to an increase in
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average grain size. For annealed heterogeneous polycrystalline materials the increase 
in grain size would depend on annealing parameters such as temperature and time.
Next the effective diffusivity o f hydrogen transport correlation with average 
grain size and intergranular phase will be discussed. Figure 7.1.7 (a) shows the 
evolution o f effective mass diffusivity o f heterogeneous polycrystalline composite 
media as the function o f average grain size. The effective diffusion o f mass in 
heterogeneous polycrystalline composite media increases as the average grain size 
become smaller which increases the mobility o f mass atoms in the fine 
microstructure while the mobility o f mass atoms decreases in the coarse 
microstructure. The analytical results in dotted lines from Hashin-Shktrikman upper 
bound coincide with the Maxwell-Garnett effective medium approximation as 
expected. The FE results calculated in solid lines are a good fit to these analytical 
results.
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Figure 7.1.6 shows the computational results o f effective hydrogen diffusivity in 
polycrystalline nickel as the function o f average surface area o f intergranular phase 
(solid line) and analytical results (dotted line).
Figure 7.1.7 (b) shows the evolution o f effective mass diffusivity o f 
heterogeneous polycrystalline composite media as the function o f volume fraction o f 
intergranular microstructure phase. Again, the analytical results in the dotted line 
match the calculated FE results.
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Figure 7.1.7 (a) Simulation results (solid line) and analytical (dotted line) for 
effective hydrogen diffusion coefficient as a function o f average grain sizes (b) 
Simulation results (solid line) and analytical (dotted line) for effective hydrogen 
diffusivity as a function o f volume fraction o f intergranular phase.
The calculated results o f the steady state normalized concentration o f the 
GRVE, HRVE and MRVE are showed in figure 7.1.8 as a function o f normalized 
distance for five different average grain sizes. When the normalized distance o f the 
GRVE increases, the normalized concentration decreases. The result curves are 
divided into two regions due to the difference in the hydrogen diffusivity between the 
MRVE and the MRVE. The left hand side region shows the normalized concentration 
profile o f HRVE and the right hand side o f the normalized concentration profile o f 
MRVE for five different grain sizes.
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Figure 7.1.8 Computational results o f normalized concentration o f mass atom as 
the function o f normalized distance o f GRVE for various average grain sizes. The
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Curves are divided into two regions by a dotted line, the left hand region shows the 
steady state normalized concentration profde o f HRVE and the right hand region 
shows the steady state normalized concentration profde o f the MRVE. The diffusion 
coefficients assigned to HRVE is 1 x  10-11 m2/s. The diffusion coefficients 
assigned to the intergranular and intragranular phases are 9 x  10_14m2/s and 
4 x 10 -10 n r /s  respectively.
The variation of the normalized concentration with respect to normalized 
distance is higher in HRVE and smaller in MRVE for GRVE with nano grains, due 
to the higher area fraction o f the intergranular phase. The variations o f the 
normalized concentration with respect to the normalized distance are smaller in 
HRVE and higher in MRVE for the coarse grained GRVE due to the smaller area 
fraction o f the intergranular phase. Figure 7.1.9 shows the normalized steady state 
concentration o f hydrogen as a function o f average grain sizes o f the microstructure 
for seven different normalized distances o f GRVE. The normalized steady state 
hydrogen concentration decreases with decreasing average grain size. The resultant 
curves are divided into two regions by a dotted line. In the left hand region in Figure
7.1.9 for an average grain size up to 1 pm, the increase in the normalized hydrogen 
concentration is higher with increasing grain size. In the right hand region o f Figure
7.1.9 the normalized steady state concentration o f hydrogen attains saturation 
conditions and there is very little variation for grain sizes from 1 pm up to 100 pm. 
For the top four normalized distance curves from (0.1<X/XT<0.33) for the HRVE 
there is no change in the normalized concentration for the grain sizes from 1 pm up 
to 100 pm.
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Figure 7.1.9 Calculated results o f normalized steady state concentration o f hydrogen 
atom as the function o f average grain sizes for various normalized distance o f 
GRVE.
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7.2 Effect of m icrostruc tu re  on hydrogen diffusion in m icro and n a n o  
p o ly c ry sta llin e  nickel
In this section microstructural models were developed to investigate the 
following: (i) The effect o f  microstructural morphology such as grain size, grain 
boundary interface/GBAZ on hydrogen diffusion in micro polycrystalline nickel 
material, (ii) the effect o f triple junctions on hydrogen diffusion in NPC nickel 
material, (iii) the effect o f pores/void/fine grains in triple junctions on the hydrogen 
diffusion in polycrystalline nickel.
*.I1 • v .•*>** P
results ot micro
Inverse pole figu re  (IPF)
(a) EBSD analysis 
polycrystalline microstructure
Close view o f grain and its mesh
(b) Computationally simulated multi-phase polycrystalline 
microstructures with varying GBAZ thicknesses
(c) Double layered intergranular interface network 
with different thicknesses
Figure 7.2.1 (a) shows the EBSD analysis o f a micro polycrystalline microstructure. 
The computationally generated finite element ABAQUS micro polycrystalline 
microstructures model with (b) four different micro polycrystalline microstructures
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with different grain boundary affected zone (GBAZ) and (c) double layered 
intergranular interface networks with different thickness.
7.2.1 Experimental results
(i) First, to investigate the effect of grain boundaries and grain sizes on 
hydrogen diffusion in micro polycrystalline nickel, different micro structure models 
with four different grain boundary thicknesses were modelled. Figure 7.2.1 shows 
the computationally generated micro polycrystalline microstructures with the four 
different grain boundary thicknesses (or grain boundary affect zones, GBAZ), the 
grain boundary networks, a close-up view of the FE mesh and an EBSD image. 
Figure 7.2.2 shows the computational hydrogen diffusion analysis results for the four 
different grain boundary thicknesses after 1 hour and 1 day. These simulations all 
used the same underlying grain structure. They differ only in the proportion of grain 
boundary thickness assigned at the grain boundary regions. Larger proportions of 
GBAZ can be seen in figure 7.2.1 as thicker lines surrounding the grains. The 
simulations used values characteristic of typical GBAZ thicknesses ranging from 
0.005 pm to 5 pm (figures 7.2.2 (a), (b), (c) and (d) are for GBAZ thicknesses of 
0.005, 0.05, 0.5 and 5 pm respectively). Thus GBAZ thicknesses spread over four 
orders of magnitude are simulated. The results show the influences of the GBAZ 
thickness on hydrogen transport at 25 °C after 1 hour (central column Figure 7.2.2) 
and 1 day (right column Figure 7.2.2). Figure 7.2.3 (a) and (b) show the predicted 
hydrogen concentrations in micro polycrystalline nickel for the four different GBAZ 
thicknesses. Figure 7.2.4 shows the normalized hydrogen concentration with 
normalized distance along a path from the hydrogen source to the hydrogen sink for 
various GBAZ thicknesses after diffusion times of one hour and one day. Figure 
7.2.5 shows the hydrogen segregation distributions for two different micro 
polycrystalline nickel microstructures, one coarse grain size and one fine grain size. 
This clearly shows that hydrogen diffusion between the grain interior and grain 
boundary is inhomogeneous and diffusion of hydrogen in the intergranular grain 
boundary network is higher than diffusion within the polygonal grains as expected.
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Figure 7.2.2 Contours o f hydrogen concentration in a 
computationally simulated polycrystalline material for 
increasing GBAZ thicknesses (a), (b), (c) and (d) are for GBAZ 
thicknesses o f 0.005, 0.05, 0.5 and 5 pm respectively, after 
1 hour (middle) and 1 day (right). Note: GI and GBAZ 
diffusivities used are 9x1 O’14 and 4x10’12 m2/s respectively 
used in all simulations.
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Figure 7.2.3. Normalized hydrogen concentration o f polycrystalline microstructures 
with four different GBAZ thicknesses, 0.005, 0.05, 0.5 and 5 pm, at two different 
positions, (a) 70 pm and (b) 200 pm from the top surface o f the computational grid.
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Figure 7.2.4 shows normalized hydrogen concentration along the vertical path shown 
above in the polycrystalline material for GBAZ thicknesses o f 0.05 (blue), 0.5 
(green) and 5 (red) pm after (i) one hour (solid lines) and (b) one day (dotted lines).
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Figure 7.2.5 Segregation/Accumulation o f hydrogen along intergranular grain 
boundaries and inhomogeneous hydrogen diffusion processes along grain boundaries 
and within grains for (a) micro polycrystalline nickel material with coarse grains 
after one hour, (b) micro polycrystalline nickel material with fine grains after 1 hour. 
Note: red dotted lines grain boundaries and blue dotted lines grain interiors). (Note: 
GBAZ diffusivity = 4x1 O’12 m2/s and GI diffusivity = 9x1 O'14 n r/s). Note: Colour 
contours are same for all results).
(ii) Secondly, the effects o f triple junctions on hydrogen diffusion in NPC as 
a function o f TJ characteristics and grain size are investigated including the influence 
o f the shape o f TJs (i.e. sharp com er shaped TJs and round corner shaped TJs). 
Figure 7.2.6 shows the structural contribution o f TJs on NPC material using EBSD 
analysis and schematic diagrams. This shows the increase in the fraction o f TJs when 
grain size decreases. The sequence in figure 7.2.6 o f (a), (b) and (c) are the 2D EBSD 
images o f NPC Nickel with decreasing average grain sizes. A decrease in average
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grain size corresponds to an increase in number of triple junctions. Figure 7.2.6 (d), 
(e) and (f) are the schematic views of the 2D multiphase NPC model showing the 
increased number of triple junctions in NPC material as the grain size decreases. The 
blue circles, red lines and white polygons show the triple junction phases, grain 
boundary phases and grain phases respectively. Figure 7.2.7 shows an SEM image of 
nickel triple junctions and also the computational model with sharp or round comer 
triple junctions. These 2D synthetic microstructural geometries are generated 
computationally in heterogeneous form with polycrystalline aggregates composed of 
two phases, GI phase and Ig phase. The Ig phase is further divided into two regions 
to form three phase regions GI, GBAZ and TJ as shown in figure 7.2.8. The 
proposed finite element (FE) model accounts for the effect of triple junctions by 
increasing the average density of TJs as the average grain size of the NPC material 
decreases in the range 50nm - 5nm as shown in figure 7.2.9. Mesh sensitivity studies 
were performed for all samples and then sufficient elements were used in the GI, 
GBAZ and TJ to capture the time evolution of hydrogen concentration in the NPC 
nickel.
Figure 7.2.10 shows the statistical distribution of elements per grain interior 
for the GBAZ in the computationally developed synthetic mesoscale microstructural 
FE model of NPC material. This shows that the average number of elements in each 
grain was 6000 and the average number of elements in each GBAZ was 400. 
Figure 7.2.11 shows the statistical distribution of the number of elements per TJ in 
synthetic microstructural models for sharp comer TJs and round comer TJs. This 
shows an average number of 50 elements per TJ in the sharp comer TJ synthetic 
microstructural model and an average number of 400 elements per TJ in the round 
comer TJ synthetic microstructural model. The difference in the average number of 
elements per TJ between the sharp comer TJ and round comer TJ microstructure is 
due to the increase in the area fraction between them. Figures 7.2.10 and 7.2.11 show 
the number of elements that are placed in the three different phases of the three phase 
synthetic microstructural model to capture the hydrogen transport concentration in 
NPC material. Figure 7.2.12 shows the discretization nodes of the sharp comer TJ 
three phase synthetic microstructural models and finite element (FE) mesh of the 
model in a region with TJs, GBAZs and three adjacent neighbouring grains of NPC 
material. The effect of TJs on the hydrogen transport of electrodeposited NPC nickel 
was investigated using computationally developed NPC materials with synthetic
76
microstructures (of average grain size 5nm, lOnm, 50nm and single crystal). The 
results o f these analyses for the three different average grain sizes and a single 
crystal o f NPC material, all with the same domain area o f 2.5 nm at 298 K are 
shown in figure 7.2.13 after three different time periods o f 1.3, 83.0 and 167.0 ms.
(d) (e) (0
Figure 7.2.6 (a), (b) and (c) are the 2D EBSD (Electron backscattered diffraction) 
experimental microstructural image o f NPC Nickel with decrease in average grain 
sizes respectively. The decrease in average grain size shows the increase in number 
o f triple junctions. Fig. 2 (d), (e) and (f) are the schematic views o f two dimensional 
multiphase NPC model showing the increased number o f triple junctions in NPC 
material as the grain sizes decreases. The blue circles, red lines and white polygons 
show the triple junction phases, grain boundary phases and grain phases respectively.
Model
Figure 7.2.7 Actual microstructures and models with two types o f TJs. (a) real 
microstructure o f nickel with ‘sharp corner' TJ and (b) close up view o f modelled 
‘sharp corner' TJ (c) close up view o f modelled ‘round corner’ TJ and (d) real 
microstructure o f nickel with ‘round corner'' TJ.
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(a) (b)
Figure 7.2.8 (a) Synthetically developed microstructural model for NPC material 
based on the modified double line Voronoi (i.e. this double line area is considered as 
microstructural Ig phase in the model) (b) Synthetic microstructural model based on 
modified three phase microstructural model (i.e. the double line Ig phase is divided 
into two regions as GBAZ and TJ with sharp corners).
Figure 7.2.14 shows the microstructural FEA computed results o f dimensionless 
hydrogen concentration for various different volume fractions o f TJs for three 
different times and two different positions in NPC material. Figure 7.2.14 shows that 
an increase in the volume fraction o f TJs increases the accumulation o f hydrogen 
concentration in the NPC material. Figure 7.2.15 shows how the normalized 
hydrogen concentration varies with time for various grain sizes and the single crystal 
material. Figure 7.2.16 shows microstructural FEA results o f normalized 
concentrations depend on normalized distance for various average grain sizes in NPC 
nickel and single crystal nickel material.
The NPC microstructure using round and sharp corner TJs based on the real 
microstructure is shown in figure 7.2.7. From this microstructural model for the two 
different TJ shapes, the statistical distribution o f the grain area and the GBAZ area 
are computed and are shown in Figures 7.2.17 (a) and (b) respectively from which 
the mean value o f the average grain area distribution is 34.8 nm" and the average 
GBAZ area distribution is 2.7 nm . Figure 7.2.18 (a) and (b) show the computed 
statistical area distributions for the sharp corner TJs and round corner TJs. The total
area o f TJ in the ‘round com er TJ' (187.14 nm") mesoscale model is approximately
2 • seven times higher than the ‘sharp corner TJ' (25.92 nm"). The average grain size
between the round corner TJ NPC microstructural model and sharp corner TJ
mesoscale model are the same but the area fractions o f TJ in these two models are
different. This difference in the area fraction o f TJ is due to the change in the shape
o f the TJ.
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Figure 7.2.9 Mesoscale microstructure o f NPC material with average grain size o f (a) 
5nm, (b) lOnm and (c) 50nm. (d) A radar triangle graph showing the effect o f 
average grain sizes o f NPC materials on the calculated volume fraction o f GI, Ig, 
GBAZ and TJ.
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Figure 7.2.10 Statistical distribution o f (a) the number o f elements per grain and (b) 
the number o f elements per GBAZ in a synthetic microstructure with sharp com er TJ 
model o f NPC material.
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Figure 7.2.11 Statistical distribution o f (a) the number o f elements per TJ distribution 
o f the sharp cornered TJ synthetic microstructural model and (b) the number of
elements per TJ distribution o f  the round cornered TJ synthetic microstructural 
model o f NPC material.
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Figure 7.2.12 (a) Discretization nodes o f the TJ with sharp corners, GBAZ and three 
neighbouring grains and (b) FE mesh o f the same region as shown in the figure (a) o f 
the NPC microstructural model.
The mean values o f both o f these TJ area distributions are computed as 0.2477 nm 
and 2.552 nm" respectively. The mean area value o f the sharp corner TJ is one order 
o f magnitude higher than the round corner TJ microstructure. Figure 7.2.19 (a) shows 
the computed statistical distribution o f the GBAZ thickness with a computed mean
value o f 0.6957 nm. Figure 7.2.19 (b) shows the cumulative frequency o f  the TJ area 
distribution between sharp corner TJs and round comer TJs. Only 25% o f the TJs are 
greater than 3.5nm2 in the round corner TJ microstructural model and less than 1% of 
TJs are greater than 0.5nm in the sharp comer TJ microstructural model.
Figure 7.2.20 shows the results o f the computational analysis o f hydrogen 
transport in NPC nickel microstructures with sharp corner TJs and round corner TJs 
after two different time periods o f 2.6 ms and 20.97 ms in the same domain with the 
same grain size and with the same material diffusivity properties. The hydrogen 
transport is accelerated in the round corner shape TJ microstructure compared to the 
sharp corner shape TJ microstructure. This acceleration o f hydrogen transport in 
round corner TJ material is due to the higher volume fraction o f TJs. Figure 7.2.21 
shows the normalized hydrogen concentration calculated at TJs as a function o f time 
for three different distances XI (15.21) , X2 (32.92) and X3 (51.80) for the sharp 
corner TJ and round corner TJ models.
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Figure 7.2.13 Results o f the hydrogen transport in mesoscale microstructures wit 
average grain size o f 5nm, lOnm and 50nm in NPC material after 1.3ms, 83.0ms and 
167.0ms.
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Figure 7.2.14 Results o f the computed dimensionless hydrogen concentration for 
three different volume fractions o f TJs, three different times at two different 
positions in the NPC material.
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Figure 7.2.15 Computed normalized hydrogen concentration dependency on time for 
various average grain sizes o f 5 nm, l Onm and 50 nm o f NPC material and the 
single crystal case (the results have been calculated at X=30,0).
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Figure 7.2.16 Computed normalized hydrogen concentration dependency on 
normalized distance for various average grain size 5 nm, l Onm and 50 nm NPC 
material and the single crystal material. The results have been calculated at time =10 
ms.
In all o f the three different distance cases the size and shape o f the TJs affects the 
hydrogen transport. The decrease in the area under the curve o f the normalized 
hydrogen concentration in the sharp comer shape TJ microstructure compared to the 
round corner TJ case is due to the reduction in the density o f TJs in the sharp corner 
TJ microstructure. Figure 7.2.22 shows how the computed normalized hydrogen
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concentration depends on normalised distance with the same average grain size 
having two different volume fractions of TJ. The graph was plotted after 10 ms of 
hydrogen diffusion in the sample material. The 0.064 increase in volume fraction of 
TJ micro structure increases the area under the curve of normalized hydrogen 
concentration (i.e. the total normalised accumulated hydrogen within the sample). 
This demonstrates how an increase in the volume fraction of TJs (associated with 
much higher diffusion coefficients) enhances bulk diffusion of hydrogen.
(iii) Thirdly, the effect of pores/voids and fine nano grains (FNGs) in triple 
junctions on transport mechanisms in NPC nickel materials are numerically analysed. 
Figure 7.2.20 (a) shows the experimental SEM image of void/pores in the NPC 
nickel microstructure. Figure 7.2.20 shows the results of the computationally 
generated NPC nickel microstructure with (b) voids/pores on TJs and (c) fine grains 
on TJs. The volume fraction of voids considered in the model is 0.186. In the three 
phase (Ig, GBAZ and TJ) synthetic microstructure model, the TJs are further divided 
into fine grains with an average grain size of 1 nm. The results of hydrogen transport 
analyses of material with nano fine grain microstructure in TJs and voids in TJs for 
various time periods are shown in Figure 7.2.21. The 2D hydrogen transport in a 
microstructure with fine grains in TJs is faster than the NPC micro structure with 
voids in TJs. Therefore it is important to take into account microstructural features 
such as voids, fine grains etc. in TJs to correctly capture the hydrogen transport in 
NPC material. Figure 7.2.22 shows how the computed normalized hydrogen 
concentration depends on time for lOnm grain size material with three different 
microstructures (material with microstructure containing TJs, fine grains in TJs and 
pores in TJs). The area under the curve is greater for microstructures with normal TJs 
than those containing fine grains or pores in TJs. The area under the curve is 
smaller for microstructures containing pores in TJs than either the microstructure 
with fine grains in TJs or the microstructure with normal TJs. These results show that 
the bulk diffusion of hydrogen in NPC material with microstructures containing fine 
grains in TJs is slower than the microstructure with normal TJs and faster than the 
microstructure with pores in TJs.
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Figure 7.2.18 (a) TJ area distribution o f the sharp corner TJ Model and (b) TJ area 
distribution o f the round corner TJ model.
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Figure 7.2.19 (a) GBAZ thickness distribution and (b) cumulative frequency o f TJ 
area distribution o f the microstructural model with sharp com er TJs (red line: area 
under curve is 25.92nnr) and round com er TJs (blue line: area under curve is 
187.14nm2).
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Figure 7.2.20 (a) shows an SEM image o f NPC nickel with pores and the 
computationally generated NPC material microstructure with (b) pores on TJs and (c) 
fine nano grains on TJs.
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Finally, the effect of the presence/absence of TJs on hydrogen diffusion in 
NPC nickel material was investigated. NPC microstructures with two phases (grain 
interior and grain boundary/intergranular region) and three phases (grain interior, 
grain boundary and triple junctions) were computationally analysed using FEA. In 
the three phase micro structure the TJ is considered as a separate phase. Figure 7.2.23 
shows the results of microstructural FEA of hydrogen diffusion in the two phase and 
three phase microstructures. The results show how the computed normalised 
hydrogen concentration depends on the normalized distance (Y/Yt) at a distance 
(X/Xt)=0.65 in the x-direction for lOnm grain size NPC material with a two phase 
microstructure (GI and Ig phases) without TJs and a three phase microstructure (GI, 
GBAZ and TJ phases) with TJs. The diffusivity value used for Ig was 6.3x1 O'9 cm2/s.
The hydrogen transport in the two phase and three phase microstructures is 
heterogeneous due to the difference in the hydrogen transport properties of 
microstructural GI, GBAZ, Ig, and TJ. It is interesting to note that the two curves for 
normalised concentration with and without TJs in Figure 7.2.23 would almost overlie 
one another if the lower curve was moved upwards. This highlights that the main 
effect is the increased flow rates within TJs compared to the Ig phase. Figure 7.2.23 
also shows the computed homogenous normalised hydrogen concentration at the 
same place in a single crystal. The hydrogen transport in single crystal nickel is both 
slower than the NPC nickel and homogenous.
To aid understanding of the accumulation of hydrogen in TJs in NPC nickel 
the graph is plotted for accumulated normalized hydrogen concentration depending 
on the number of TJs in the three phase microstructure and on Ig in the two phase 
micro structure along the path at a normalised distance of (X/Xt) 0.045 at time 0.164 
ms in figure 7.2.24. This also demonstrates that the accumulated hydrogen in TJs and 
Ig is heterogeneously distributed even along the same path. These results show that 
the hydrogen concentration in the three phase microstructure is higher than the two 
phase microstructure due to the faster transport of hydrogen in the three phase 
microstructure containing the TJs. Figure 7.2.24 also shows that even at a very small 
distance from the left-hand side there is a difference between a model with TJs and a 
model without TJs. Thus the TJ significantly affects hydrogen transport with the 
accumulation of hydrogen being heterogeneous. This reinforces the importance of 
considering TJs in modelling as well as experimental observations when 
investigating hydrogen transport in NPC nickel.
87
Grain size 
/Time
lOnm 
with fine 
in
1.3milisecconds
grain
TJ
167miliseconds83 milliseconds
lOnm
with
pores in 
TJ
. . .
Coordinat
e
Directions
CONC (Avg: 75%)+1.000e-04 +9.167e-05 +8.333e-05 + 7,500e-05 + 6.667e-05 +5.834e-05 +5.000e-05 +4.167e-05 +3.334e-05 +2.501e-05 + 1.667e-05 +8.342e-06 + 9.253e-09
CONC (Avg: 75%)+1.000e-04 +9.917e-05 +9.833e-05 +9.750e-05 + 9.667e-05 +9.583e-05 +9.500e-05 +9,417e-05 +9.333e-05 +9.250e-05 + 9.167e-05 +9.083e-05 + 9.000e-05 +8.071e-05
CONC 
(Avg: 75%)H +1.000e-04 +9.917e-05 + 9.833e-05 + 9.750e-05 + 9.667e-05 +9.583e-05 +9,500e-05 + 9,417e-05 + 9,333e-05 — + 9,250e-05 + 9,167e-05 + 9.083e-05 + 9.000e-05
Figure 7.2.21 (a) Hydrogen transport results from the computational analysis o f two 
different synthetic microstructures with average grain size lOnm (a) with fine grain 
in TJs and (b) pores in TJs after three different time intervals.
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Figure 7.2.22 Computed normalized hydrogen concentration dependency on time for 
lOnm grain size NPC materials with three different microstructures i.e. material with 
a microstructure containing TJs (blue line), fine nano grains in TJs (red line) and 
pores in TJs (grey line).
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Figure 7.2.23 Computed normalized hydrogen concentration dependency on 
normalized (Y/Yt) distance at a distance (X/Xt) =0.65 for lOnm grain size NPC with 
a two phase microstructure (GI and Ig), a three phase microstructure (GI, Ig and TJs) 
and single crystal nickel. The results were obtained at time 10 ms.
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Figure 7.2.24 Computed accumulated normalized hydrogen concentration 
dependency on i) number o f TJs in three phase microstructural NPC nickel and ii) 
number o f Ig in two phase microstructural NPC nickel along a path at a normalised 
distance (X/Xt)=0.045 at time 0.164ms.
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7.2.2 Discussion
(i) The hydrogen diffusion in micro polycrystalline nickel micro structures 
with smaller GBAZ thickness is slower when compared to larger GBAZ thicknesses 
as shown in computational result figure 7.2.2. An order of magnitude increase in 
GBAZ thickness increases the effective hydrogen diffusion distance more than twice 
and a four orders of magnitude increase in GBAZ thickness increases the effective 
hydrogen diffusion distance more than eight times. These results suggest that 
decreasing grain size will promote bulk diffusion of hydrogen due to the increase in 
grain boundary surface area in polycrystalline nickel.
The results also show the heterogeneous distribution of hydrogen in bulk 
polycrystalline material along GBAZ and grain interiors after a time period of 1 
hour. This suggests that intergranular softening of polycrystalline material (which is 
due to the segregation of atomic hydrogen along the intergranular microstructure) 
may lead to intergranular hydrogen embrittlement (as opposed to transgranular 
hydrogen embrittlement) at shorter times before the system attains a more steady 
state. This depends on the particular intergranular diffusion properties but could be 
an important consideration when considering hydrogen embrittlement effects.
Figure 7.2.3 (a) and (b) show the predicted hydrogen concentration in micro 
polycrystalline nickel for four different GBAZ thicknesses. This shows that the 
hydrogen concentration profile attains steady state earlier for higher relative fractions 
of grain boundary poly crystalline material. A number of studies have already 
reported that the relative fraction of grain boundary in NPC nickel is significantly 
larger than the case of micro polycrystalline nickel while observing faster diffusion 
in the NPC case [Turnbull et al., 1989, Harris 1991]. These observations are in 
agreement with the model prediction that bulk diffusion in NPC nickel will be faster 
than the micro polycrystalline case. From figure 7.2.4, it is clear that hydrogen 
diffusion is heterogeneous between grain and grain boundary in the polycrystalline 
material becoming more homogenous with decreasing grain boundary thickness 
and/or increasing time. Even though the grain interior and grain boundary diffusion 
coefficients are the same for all GBAZ thicknesses simulated the model predicts less 
diffusion of hydrogen for smaller GBAZ thicknesses. This enhanced hydrogen 
diffusion for larger GBAZ thicknesses is due to the increased contribution of the
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intergranular grain boundary density as shown in the figure 7.2.4. The increased 
density of grain boundary in smaller grained polycrystalline materials greatly 
increases the hydrogen diffusion along the grain boundary thus increasing the 
effective bulk hydrogen diffusion. These results show the significant influences of 
intergranular grain boundaries on the bulk hydrogen diffusion process in micro 
polycrystalline nickel materials. Hydrogen flux increases along grain boundaries and 
hydrogen accumulates more in the grain boundaries than grain interior, as shown in 
the figure 7.2.5. These results also show that the inhomogeneous diffusion and 
segregation of hydrogen along grain boundaries becomes more homogeneous when 
moving towards steady state. Hydrogen diffusion in fine grain size micro 
polycrystalline material becomes homogenous much earlier compared coarse micro 
polycrystalline materials. And the coarse grained micro polycrystalline materials 
need more time to attain steady state. This suggests that hydrogenated fractures 
occurring before steady state in micro polycrystalline materials may be intergranular 
in nature due to embrittlement along grain boundaries interface.
(ii) Figure 7.2.9 (d) shows how the volume fraction of the intergranular 
region increases by one order of magnitude as the average nano grain size decreases 
from 50 nm to 5 nm. At the same time, when decreasing the average nano grain size 
from 50 nm to 5 nm, the volume fraction of GI decreases from 92.12 % to 35.65 %, 
with the major decrease in volume fraction of 45 % from 80.87 % occurring when 
the grain size decreases from 10 nm to 5 nm as shown in Table 1. The result of the 
computationally developed synthetic NPC material shows that a decrease in average 
size from 50 nm to lOnm increases the volume fraction of TJ by one order of 
magnitude with less than a 1 % increase in the density of TJs from 0.16%. A 
decrease in the average grain size from 10 nm to 5 nm increases the volume fraction 
of TJs by 15.12 % from 1.03 %. The decrease in average grain size of NPC material 
from 50 nm to 5 nm increases the volume fraction of TJs by 2 orders of magnitude, 
increases the volume fraction of GBAZ by one order of magnitude and decreases the 
volume fraction of GI by less than one order of magnitude. Palumbo et al. [43] found 
a similar trend relating the volume fraction and density of TJs with changes in nano 
grain size in 3D NPC materials.
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Grain Size in nm Volume fraction of GI Volume fraction of TJ
5 35.65 % 16.18
10 80.87 % 1.03%
50 92.12% 0.16%.
Table 7.2.1 Calculated volume fractions of GIs and TJs from computationally 
developed synthetic nano polycrystalline models for three different grain sizes.
Figure 7.2.13 shows the effect of TJs on hydrogen diffusion in NPC nickel 
based on FEA results. These show that hydrogen transport after 1.3 ms in 50 nm 
grain size NPC material is slower than that for the 10 nm average grain size at the 
same time in the same domain. The hydrogen transport in the bulk microstructure of 
5 nm grain size material is more than twice as fast as the material with a grain size of 
lOnm and much faster than the 5 0 nm grain size material. The much faster bulk 
hydrogen transport in NPC material of 5 nm grain sizes when compared to 50 nm is 
due to the 16 % higher volume fraction of TJ between the 50 nm and 5 nm grain size 
microstructures. The hydrogen transport in 5 nm grain size NPC material attains 
steady state earlier than 83 ms and the 10 nm grain size NPC material attains steady 
state at 163 ms, but the 50 nm grain size NPC material does not attain steady state 
even after 167 ms. The results clearly show that a major increase in the density of 
TJs is found when the average grain size is less than or equal to lOnm in NPC 
materials. This transports the hydrogen in bulk NPC material much further and faster 
and attains steady state much earlier than the micro structure of NPC material with an 
average grain size greater than 10 nm. Since the TJs play a vital role in NPC material 
of <10 nm it is important to consider the effects of TJs on NPC material with 
hydrogen embrittlement problems experimentally as well as via modelling. Figure 
7.2.14 shows how an increase in the volume fraction of TJs increases the 
accumulation of hydrogen concentration in the NPC material. From figure 7.2.15 it is 
clear that hydrogen transport in the single crystal material is slower than the 
hydrogen transport in NPC material. The normalized hydrogen concentration is 
smaller in microstructures with average grain sizes of 50 nm and higher compared to 
the 5 nm NPC material due to the lower volume fraction of TJs in larger grain size 
NPC material. Figure 7.2.16 shows how the normalized concentrations depend on the 
normalized distance for various average grain sizes and single crystal material. The 
area under the normalized hydrogen concentration curves increases from the single
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crystal material to smaller grain sizes. The difference in the area under the 
normalized concentration curve (i.e. the total normalised accumulated hydrogen 
within the samples) is greatest between the 5nm vs lOnm cases compared to the 
difference in the area under the normalized concentration curve between the 1 Onm vs 
50nm and the single crystal vs 50nm cases. This is because the increase in the 
volume fraction of TJs is higher when the grain size is less than lOnm. From the 
results the difference in size and shape of TJs is shown to affect bulk hydrogen 
transport. They also show that the effective diffusion of hydrogen in NPC nickel with 
round comer TJs is faster than NPC nickel with sharp comer TJs. This effect is due 
to the reduction in the density of TJs in the sharp comer TJ microstructure. This also 
demonstrates how an increase in the volume fraction of TJ (associated with much 
higher diffusion coefficients) enhances diffusion of hydrogen in bulk NPC nickel 
material.
(iii) From the results of nanostructural hydrogen diffusion FEA on NPC 
nickel material with pores/voids and fine grains in the TJs it is clear that the bulk 
diffusion of hydrogen in a nanostructure with fine grains in TJs is faster than the 
NPC nickel nanostructure with voids in TJs. These results also show that the bulk 
diffusion of hydrogen in NPC material with nanostructures containing fine grains in 
TJs is slower than the nanostructure with normal TJs and faster than the 
nanostructure with pores in TJs. Therefore it is important to take into account such 
microstructural features to correctly capture the hydrogen diffusion and hydrogen 
embrittlement in NPC material. These results reinforce the importance of considering 
TJs in modelling as well as experimental observations when investigating hydrogen 
transport in NPC nickel. Detail information about the trap model and its results can 
be found in Appendices.
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7.3 Real microstructural based 2D mesoscale FE simulation to 
predict intergranular hydrogen diffusivity and isotropic effective 
bulk diffusion of hydrogen in conventional electrodeposited nickel.
Computational analysis of the hydrogen induced intergranular embrittlement 
failure process requires accurate calculation of the differential hydrogen transport in 
intergranular and intragranular regions. An effective hydrogen diffusion coefficient 
may be measured experimentally although experimental measurement of the 
intergranular grain boundary diffusion coefficient of hydrogen requires significant 
effort. Therefore an approach to calculate the intergranular GB hydrogen diffusivity 
using 2D microstructural FEA was developed which was also used to calculate the 
effective diffusivity of hydrogen in conventional electrodeposited polycrystalline 
nickel as measured using electrochemical permeation tests. Data from 2D EBSD 
measurements were used to construct 2D microstructural representative volume 
elements including details of grain size and shape and volume fraction of grains and 
grain boundaries. A PYTHON optimization code was developed for the ABAQUS 
environment to calculate the unknown grain boundary diffusivity.
7.3.1 Experimental results
The material used in this study was conventional electrodeposited polycrystalline 
pure nickel in the form of 75 pm thick thin foil with a 3 pm average grain size. The 
detailed computational approach to calculate the intergranular diffusivity of 
hydrogen using real microstructures by coupling experimental techniques is shown in 
flowchart 7.3.1. The orientation mapping was done on the cross-section of the nickel 
foil used for the electrochemical permeation test to determine several metallurgical 
parameters. The microstructural geometric features were extracted to develop a 
meso-microstructural RVE for subsequent simulation. The EBSD analysis results of 
crystallographic orientations within the cross section of the nickel foil are shown in 
figure 7.3.1(a). Figure 7.3.1(b) shows the inverse pole figure of the crystallographic 
orientation map. The grain diameter distribution is shown in Figure 7.3.1(c). The 
majority of grains have diameters between 1 and 4 pm. The total length of the GB 
was calculated to be 12015.2 pm.
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Flowchart 7.3.1 shows the detail about the computational approach developed in this 
study to calculate the effective GB diffusivity of hydrogen in conventional 
electrodeposited polycrystalline nickel.
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Figure 7.3 .1 (a) Experimental EBSD analysis results for the cross-section o f the 
nickel foil (b) inverse pole figure, (c) grain size distribution.
Figure 7.3.2 (a) ABAQUS FE meso scale microstructural model based on the EBSD 
data shown in Figure 7.3.2. (b) Detail o f the FE mesh near a triple junction o f three 
neighbouring grains showing the GBAZ (red/grey region) with a thickness o f 10A.
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Figure 7.3.3: (a) ABAQUS meso-microstructural polycrystalline nickel FE 
simulation results o f transient hydrogen diffusion for various iterations, (b) 
Magnified view.
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Figure 7.3.4 Results o f the ABAQUS meso-microstructural FE simulations for 
effective grain boundary diffusivity and effective bulk diffusivity for polycrystalline 
nickel over 12 iterations and experimentally measured results o f Dgb [4,101,160], 
lattice diffusivity (Dg) from literature [4, 160] and experimentally determined 
effective diffusivities from electrochemical permeation tests [101,160].
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Figure 7.3.5 Experimental and simulated permeation rates (current density or 
hydrogen tlux) o f conventional electrodeposited polycrystalline nickel. (Measured
-1 4  2
and FE-calculated hydrogen diffusivity values are D ^ = 4 .1 3 3 3  x lO  m /s and 
4.1327 x 10 m /s  respectively).
The RVE model is shown in figure 7.3.2(a). Figure 7.3.2(b) shows a magnified view 
o f the FE model near a triple junction with three neighbouring grains, GBs and 
GBAZs. In the initial FE simulation, it was assumed that Dgb=Dg. as calculated 
from the theoretical plot o f the hydrogen flux versus time. Dgb was then 
systematically increased and the simulation repeated until and D*™ converged. 
A total to 12 iterations were needed for the results to converge. In the final solution 
Dgb was equal to 2.2x1 O'8 cm2/s, which is two orders o f magnitude higher than the 
standard lattice diffusivity. The hydrogen concentration as function o f time is shown 
in figure 7.3.3 (a) and figure 7.3.3 (b) shows a magnified view. The results are 
plotted in Figure 4 and show good agreement with results published by Tsuru and 
Latanision [4].
7.3.2 Discussion
A meso-scale real microstructure FE computational technique was developed to 
calculate the diffusivity o f hydrogen along grain boundaries in a polycrystalline
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material. The microstructural model is based on features such as grain size, grain 
shape and grain boundary volume fractions extracted from EBSD data. The predicted 
grain boundary diffusivity is two orders of magnitude higher than the lattice 
diffusion of hydrogen in conventional electrodeposited nickel. The results are in 
good agreement with experimental measurements as shown in figure 7.3.4 and 7.3.5. 
Understanding the intergranular diffusion of impurity atoms aids understanding, 
control and solution of engineering problem such as hydrogen embrittlement. This 
method could potentially be used to design new polycrystalline materials with 
improved resistance to material degradation and failure.
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7.4 Real microstructural based 3D mesoscale FE simulation to 
calculate effective anisotropic hydrogen diffusivity of Ariane 5 
combustion chamber pulse plated nickel
7.4.1 Experimental results and discussion
An Ariane-5 Vulcain-2 combustion chamber electrodeposited pulse plated 
nickel material was characterised using 3D EBSD experiments together with 
SEM/FIB techniques to understand the anisotropic distribution o f grains size, grain 
shape, GB type and GB fraction. (Note: Although different grades o f  PP-Ni are used 
in Ariane-5 combustion chambers only one grade was accounted for in this 
investigation due to AIRBUS commercial confidentiality.)
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Figure 7.4.1 3D EBSD analysis o f Ariane-5 combustion chamber electrodeposited 
pulse plated nickel microstructure, (a) Shows crystallographic orientation map o f 
microstructure perpendicular to growth direction (TD). (b) Shows the 3D isometric 
side view and dimensions, (c) Shows the close up view near a columnar grain cluster 
and IPF. (d) Isometric cut view showing the internal distribution o f  grains and 
orientations, (e) 3D iso-surface view plus EBSD slice near a columnar grain cluster.
Figure 7.4.2 shows the close up view o f a 3D iso-surface o f the electrodeposited PP- 
Ni microstructure near a columnar grain boundary.
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Figure 7.4.3 Grain size distribution o f PP-Ni microstructure.
Figure 7.4.1 shows the 3D microstructure of the Ariane-5 combustion chamber 
electrodeposited PP-Ni from 3D EBSD (80 slices of EBSD results observed every 
200nm toward the growth direction and merged using TSL OIM software).
The close up view near a column boundary was carefully converted into a 3D 
iso-surface using Avizo advanced 3D analysis software, figure 7.4.2. This shows that 
PP-Ni microstructures contain clusters of columnar grains and clusters of ultrafine 
grains. The grain size distributions and volume fractions of grain boundary were 
calculated using TSL OIM software. The calculated grain size distributions are 
plotted in figure 7.4.3. Table 7.4.1 shows the calculated grain boundary volume 
fraction and average grain size of the PP-Ni. A binary image in the PP-Ni 
microstructure along the Growth Direction (GD), Normal to the GD (ND) and 
perpendicular to the growth direction (TD) are shown in figure 7.4.4. The PP-Ni 
microstructures were observed using SEM along the growth plane and perpendicular 
to the growth plane (i.e. the TD plane) as shown in figure 7.4.5. This clearly shows 
that the ultrafine grains clusters are present in elliptical shapes. Cluster of ultrafine 
grains are observed as dark regions and clusters of coarse grains are observed as 
lighter region as shown in figure 7.4.6 (a).
EBSD/OIM calculated result PP-Ni
Volume fraction of GB 0.0429
Average Grain size (nm) 300
Table 7.4.1 Calculated values from EBSD analysis result data.
Figure 7.4.6 shows the EBSD binary scan image observed on the growth plane of 
PP-Ni and shows elliptical fine grain clusters and an extruded 3D MRVE geometry 
of the PP-Ni material and a mesh for FE computational hydrogen diffusion analysis. 
Figure 7.4.7 shows the results of the hydrogen permeation test along the three 
principal directions. Figure 7.4.8 shows the good agreement between experimental 
and simulation results of the hydrogen permeation along the growth direction in PP- 
Ni. Figure 7.4.9 shows the results of the hydrogen permeation along the three 
principal directions (i.e. growth direction, perpendicular to growth direction and 
normal to GD). Table 7.4.2 shows the calculated anisotropic diffusivity of hydrogen
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along three principal directions. These properties were then implemented in the 
model o f a section o f space launcher combustion chamber and compared with the use 
o f effective isotropic hydrogen diffusivities. Figure 7.4.10 and figure 7.4.11 shows 
the effect o f this choice o f parameters on two different types o f space launcher 
component. These results highlight the importance o f using the correct hydrogen 
diffusivity values to accurately predict hydrogen embrittlement in aerospace 
combustion chambers.
GD
ND
Figure 7.4.4 SEM image shows the PP-Ni microstructure observed on TD plane (i.e. 
plane perpendicular to growth direction) and on the growth plane.
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Figure 7.4.5 SEM image shows the PP-Ni microstructure observed on TD plane (i.e. 
plane perpendicular to growth direction) and on the growth plane.
Figure 7.4.6 (a) EBSD binary scan image observed on growth plane o f PP-Ni. (b) 
Elliptical fine grain clusters, (c) - (e) show 3D RVE geometries o f PP-Ni with 
ultrafine grains clusters along the elliptical region and FE mesh.
ill;!; 
1
X X
.X
Figure 7.4.7 Results o f the simulated hydrogen permeation test in the three principal 
directions (a) Growth direction (b) Normal to growth direction and (c) Perpendicular 
to growth direction.
Experimental 
results (m2/s)
FE simulation 
Results (m2/s)
Conventional 
electrodeposited 
polycrystalline nickel
4.1333 x 10'14 4.1327x 10'14
PP-Ni along GD
4.18287 x 10'13 5.885x 10'13
ND XX 1.84316x 10‘13
TD XX 1.61116x 10'13
Table 7.4.2 Calculated anisotropic diffusivity o f hydrogen in the three principal 
directions.
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Figure 7.4.8 Experimental and FE simulation results o f hydrogen permeation along 
the growth direction.
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Figure 7.4.9 Results o f simulated hydrogen permeation test in the three principal 
directions (growth direction, normal to growth direction and perpendicular to growth 
direction.)
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Figure 7.4.10 The effect o f isotropic and anisotropic diffusion o f in one type o f space 
launcher thrust chamber, (a) The space launcher thrust chamber (i.e. combustion 
chamber and nozzle), (b) Man standing (to show scale), (c) Anisotropic diffusion o f 
hydrogen on the PP-Ni layer o f the thrust chamber section with mesh (d). (e) 
Anisotropic diffusion o f hydrogen on the PP-Ni layer o f thrust chamber section 
without mesh with (f) showing a close up view, (g)-(l) show the close up views o f 
anisotropic diffusion on the section without the mesh, (m) Close up view o f isotropic 
diffusion on the section with mesh, (n) and (o) show the close up views o f isotropic 
diffusion on the section without the mesh. (Time = 13.9hr).
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Fiure 7.4.11 Effect of isotropic and anisotropic hydrogen diffusion on another type 
'ofspace launcher thrust chamber, (a) and (b) show the space launcher thrust 
ichmber Type 2 (i.e. combustion chamber and nozzle), (c) Man standing (to show 
:scle). (d)-(f) show sections of the thrust chamber, (g)-(h) Anisotropic diffusion of 
Ih^rogen on the PP-Ni layer of the thrust chamber section, (i) Close up view of 
;ansotropic diffusion of hydrogen on the PP-Ni layer in the thrust chamber section, 
iiniuding mesh, (j) Close up view of isotropic diffusion of hydrogen on the PP-Ni 
Jlayr in the thrust chamber section including mesh, (k) Anisotropic and isotropic 
<diiusion of hydrogen on the PP-Ni layer of thrust chamber section in close up view 
whout the mesh.
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7.5 Effect of GB misorientation on hydrogen embrittlement in bi­
crystal and polycrystalline nickel
7.5.1 Experimental results
Initially, the bi-crystal model comprises crystal 1 and crystal2 separated by a GB and 
GBAZ. The GBAZ is used to simulate hydrogen diffusion along the GB. The lattice 
misfit between the crystals accommodates the GB misorientation. The orientation of 
crystal 1 is fixed and the orientation of crystal2 is tilted along the traction direction to 
form geometric tilt grain boundaries (TGBs) for various misorientation angles 0°, 5°, 
15°, 30°, 35°, 40°, 45°, 60°, 75°, 85° and 90° as shown in figure 7.5.1. Next, the 
polycrystal model comprises 2D polygonal crystals separated by GBs and GBAZs. 
Similar to the bi-crystal model, the lattice misfit between the crystals accommodates 
the GB misorientation on the poly crystal model. The orientation of the polygonal 
crystals in green is fixed and the orientations of the red polygonal crystals (termed 
grainsetl) are tilted along the traction direction to form geometric TGBs for various 
nisorientation angles 0°, 5°, 30°, 45°, 60°, 75°, 85° and 90° as shown in figure 7.5.1
Initially, the results on the effects of TGB misorientation angle on hydrostatic 
stress in bi-crystal and polycrystal 2D models are discussed. Figures 7.5.2 (a), (b) 
and (c) show the calculated microscopic hydrostatic stress (ah) normalized by the 
applied uniform macroscopic stress (oo) parallel to the traction direction for various 
TGB misorientation angles in bi-crystal nickel along the paths x l, x2 and x3 
respectively. In figure 7.5.2 the normalized distance at a point is defined as the y- 
coordinate divided by the total height (2h) of the crystal as shown in figure 7.5.1, 
assuming the origin is at the bottom edge of the bi-crystal. Thus, if the normalized 
dstance at a point is zero then it is at the extreme bottom side of the bi-crystal, a 
\alue of 0.5 is the centre of the bi-crystal and a value of 1 is at the top of the bi­
crystal along the y-direction, irrespective of the actual width of the crystal. The Path 
xl is near the left hand comer of the crystals, path x2 is in the middle of the crystals 
aid path x3 is near the right hand comer of the crystals as shown in figure 7.5.1 (a). 
The path xl is plotted along the blue arrow line on the surface of bi-crystal nickel as 
siown in figure 7.5.2 (a) in order to understand the influence of the boundary on
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various misorientation angles. The path x2 is plotted along the blue arrow line on the 
surface of bi-crystal nickel as shown in figure 7.5.2 (b) (i.e. middle of the nickel bi­
crystal) in order to investigate the influence of misorientation angles under externally 
applied stress conditions at a region away from the boundary conditions which are 
applied at the left hand side of the mesh along path x l. Similarly, path x3 is plotted 
along the blue arrow line on the surface of bi-crystal nickel as shown in figure 7.5.2
(c) (i.e. the side of the mesh opposite to path x l) in order to investigate the influence 
of misorientation angle on the hydrostatic stress developed under externally applied 
stresses away from the boundary conditions applied at the left hand side of the mesh 
along path xl and to investigate the variation of the developed hydrostatic stresses 
inside the crystal and grain boundary due to the deformation constraint caused by the 
adjacent crystal misorientation. The computed results in figure 7.5.2 show the 
hydrostatic stress distribution is uniform and homogenous for TGB misorientations 
0° and 90° for each path. In contrast the hydrostatic stress distribution tends to be 
heterogeneous and non-uniform between the crystals for TGB misorientation angles 
of 15°, 30°, 35°, 40°, 45°, 60° and 75° (i.e. orientations > 0° and < 90°).
Figure 7.5.2 (a) shows the influence of misorientation angles on hydrostatic 
stress along the path x l. The path xl is plotted in order to understand the influence of 
the boundary on various misorientation angles. The normalized hydrostatic stress 
distribution between the crystals tends to be smaller near the traction side and 
increase moving towards the TGB attaining a maximum value close to the TGB 
along path xl for misorientations between 15° and 45°. In reality, as opposed to the 
numerical model, the difference in the mechanical elastic properties of crystal 1 and 
crystal2 due to misorientation would affect dislocations near the TGB due to the 
applied load. Varying hydrostatic stresses along the TGB and near to the TGB arise 
depending on the misorientation angles. The maximum accumulated local 
hydrostatic stress values on the TGB are tensile and are 80% of the applied uniform 
tensile stress for a misorientation angle of 30°. For misorientation angles greater than 
45° and less than 90° the hydrostatic stress values between the crystals starts to 
decrease along the path xl when moving from the traction side towards the TGB 
reaching a minimum close to the TGB. The minimum local accumulated hydrostatic 
stress values on the boundary are compressive with the highest normalized
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compressive stresses less than 20% of the normalized stresses observed in the model 
with a misorientation o f 60°.
(a)
Figure 7.5.1 (a) Geometry and boundary conditions o f the Bi-Crystal model and 
paths x l,  x2 and x3 along the traction direction, (b) TGB based on fixed and tilted 
crystal to form various misorientation angles (0) (0°, 5°,15°, 30°, 35°, 45°, 60°, 75°, 
85°, 90) to the rotation axis [001]. (c) Close-up view o f FE mesh o f crystal (blue) and 
grain boundary affected zone (red), (d) shows the polycrystal model and the set 
misorientation grains (red) and fixed grains (green).
T ilte d  Crystal
Tensile Load
Rotation axis (r) 
1]
 ►
(b)
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The compressive stresses are due to the effects of boundary and misorientation 
angle. These results show that the localized hydrostatic stress concentrations inside 
the crystals and near to the TGB are governed primarily by the TGB misorientation.
Figure 7.5.2 (b) shows the normalised hydrostatic stress distribution between the 
crystals and TGB along the path x2 for various misorientation angles. Path x2 was 
plotted along the blue arrow line on the surface of bi-crystal nickel as shown in 
figure 7.5.2 (b) (i.e. middle of the nickel bi-crystal). The path x2 results are plotted in 
order to understand the influence of misorientation angles on hydrostatic stresses 
without the effects of boundaries. The maximum normalized hydrostatic stress value 
is observed on the fixed crystal near to the TGB for misorientation angle 45° and the 
minimum normalized hydrostatic stress value is observed near to the TGB on the 
tilted crystal of the bi-crystal model with 45° misorientation angle. The minimum 
hydrostatic stress value is observed on the crystal 1 near to the TGB with 
misorientation angle 75° and the maximum hydrostatic stress value is observed on 
the crystal2 near the TGB of the model with misorientation angle 15°. The highest 
accumulation o f hydrostatic stress concentrations are near to the TGB on the fixed  
crystal (i.e. Crystal 1) and lowest values o f local hydrostatic stress concentrations are 
observed near to the TGB on the rotated crystal (i.e. crystal2) along path x 2.
Figure 7.5.2 (c) shows the normalised hydrostatic stress distribution between the 
crystals and boundary along the path x3 for various TGB misorientations. Higher 
stress gradients are observed near the GB. Low values o f localized hydrostatic stress 
concentration are observed near the boundary on the fixed crystal and high values o f  
localized hydrostatic stress concentration are observed near the boundary on the 
tilted crystal. The minimum localized hydrostatic stress values are observed on the 
fixed crystal near the boundary for misorientation angles 30° and 35° and the 
maximum localized hydrostatic stress value is observed in crystal2 along the TGB of 
misorientation angle 60°. However, the difference between the maximum and 
minimum values of localized hydrostatic stress concentration along the TGB are 
observed to be highest for the misorientation angles of 45° and 40° and the lowest 
differences are observed for misorientation angles of 15° and 75°.
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Figure 7.5.2 (a) Normalized hydrostatic stress ( g h / g o )  due to the boundary effect 
along the normalized path x l (y/h) parallel to the traction direction for various 
misorientation angles in degrees.
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Figure 7.5.2 (b) Normalized hydrostatic pressure (gh/oo) along the normalized path 
x2 (y/h) parallel to the traction direction for various misorientation angles in degrees.
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Figure 7.5.2 (c) Normalized hydrostatic pressure ( o h / o q )  along the normalized path
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On the other hand, the computational results o f the polycrystal model for various GB 
misorientations are shown in figure 7.5.3. Figure 7.5.3 shows the calculated 
microscopic hydrostatic stress (Oh) normalized by the applied uniform macroscopic 
stress (oo) for various TGB misorientation angles in polycrystal model. It shows that 
the microscopic hydrostatic stresses are distributed heterogeneously for uniformly 
applied stress. The high and low concentrations o f hydrostatic stress are observed 
along grain boundary and triple junctions and they vary depending on GB 
misorientations.
Figure 7.5.4 (a) and (b) show the normalized hydrostatic stress distribution along the 
path near to the tilt boundary on the GBAZ of crystal 1 (fixed crystal) and crystal2 
(tilted crystal) perpendicular to the traction direction for various TGB misorientation 
angles. This shows the influence o f TGB misorientation angles due to applied 
boundary conditions.
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Figure 7.5.3 All other figures show the normalized hydrostatic stress for 
misorientations o f 0°, 5°, 30°, 45°, 60°, 75° and 85°.
The normalized hydrostatic stresses accumulated near to the tilt boundary o f crystal 1 
and crystal2 for misorientation angles in the range O°<0<45° are in the form o f 
tensile stresses with values higher than those obtained with misorientation angles of 
0° and 90°. The normalized hydrostatic stress accumulated near the tilt boundary on 
the left hand side o f crystal 1 and crystal2 for a misorientation angle 85° are in the 
form o f tensile stresses with (i) lower values than those obtained with misorientation 
angles 0° and 90° and (ii) higher values on the right hand side o f crystal 1 and 
crystal2 (but still < 0.4). The normalized hydrostatic stresses accumulated near the 
tilt boundary on the left side o f crystal 1 and crystal2 for GB misorientation angles 
45°<0<85° are in the form o f compressive stresses due to the applied boundary 
condition whereas the right side o f crystal 1 and crystal? are in the form o f tensile 
stresses, these tensile normalized hydrostatic stresses values are not higher than 0.5. 
These results show that the areas closest to the left corner o f the tilt boundary are 
accumulating both the tensile and compressive localized hydrostatic stress 
concentrations due to the effect o f the applied boundary condition. Thus applied 
boundary conditions with the deformation constrained by the neighbouring crystal 
orientations also play an important role in stress
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Figure 7.5.4 (a) Normalized hydrostatic stress concentration (gh/oo) along the 
normalized path on the GBAZ on the fixed crystal perpendicular to the traction 
direction for various misorientation angles, (b) Normalized hydrostatic stress 
concentration (on/oo) along the normalized path on GBAZ on crystal2 perpendicular 
to the traction direction for various misorientation angles.
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distributions related to TGB misorientation angle. These results also suggest that the 
generated hydrostatic stresses are low on misorientation angles 45°<0<9O° when 
compared to misorientation angles O°<0<45°. The misorientation angles ranging 
between 45°<0<85° generate compressive stresses which may increase resistance to 
hydrogen embrittlement as explained by Takakuwa al, [212]. The highest normalized 
hydrostatic tensile stress with a value of 0.9 is found in crystal 1 (fixed crystal) for the 
TGB misorientation angle 30° and the highest normalized hydrostatic compressive 
stress with a value of -0.3 is found in crystal2 (tilted crystal) for the misorientation 
angle 60°.
Figures 7.5.5 (a), (b) and (c) show the results of microscopic normal stress 
(022) normalized by the applied uniform macroscopic stress (0 0 ) parallel to the 
traction direction along the paths x l, x2 and x3 respectively for various TGB 
misorientation angles in bi-crystal nickel. The high and low normalized normal 
stresses accumulate near the tilt boundary. The highest tensile stress with a value of 
1.9 is found on the left hand side of the crystals near the tilt boundary with 
misorientation angle 30°. The highest compressive stress is found on the left hand 
side of the crystals near the tilt boundary with a value of -0.6. The left hand region in 
the bi-crystal model, near the tilt boundary, is where the highest normalized normal 
stresses are found for TGB misorientation angles O°<0<45° while the lowest 
normalized normal stresses are found for TGB misorientation angles 45°<0<9O°. The 
right hand side of the bi-crystal model near the tilt boundary is where the highest and 
lowest normalized normal stresses are found for TGB misorientation angles 
45°<0<9O°. Figure 7.5.6 shows the results of microscopic normal stress normalised 
by the applied uniform macroscopic stress for various TGB misorientation angles in 
polycrystal nickel. These results suggest that the tensile, compressive and 
highest/lowest values o f normal stresses accumulate near the tilt boundary with 
values dependent on TGB misorientation angles. Since hydrostatic stress depends on 
the normal stress, then highest and lowest tensile and compressive hydrostatic 
stresses accumulate near the tilt boundary with values also dependent on 
misorientation angle. Thus stress gradients near TGBs are dependent on 
misorientation angles.
Figure 7.5.7 shows the maximum local normal stress, maximum hydrostatic 
stress and maximum von Mises stress normalized by the applied uniform
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Figure 7.5.5 (a) Normalized normal stress concentration (022/^ 0) along the 
normalized path x l parallel to the traction direction for various misorientation 
angles, (b) Normalized normal stress concentration (022/00) along the normalized 
path x2  parallel to the traction direction for various misorientation angles, (c) 
Normalized normal stress concentration (022/0 0 ) along the normalized path x3 
parallel to the traction direction for various misorientation angles.
macroscopic stress for various TGB misorientation angles in bi-crystal nickel. The 
values o f the maximum normalized normal stress and the maximum normalized von 
Mises stress vary approximately in the range 1 - 1 . 8  for various TGB misorientation 
angles. The values are 1.0 for TGB misorientations 0° and 90° due to zero 
dilatational mismatches produced along the TGB. Values greater than 1.0 are for 
misorientation angles 0°<0<90° with high magnitudes o f stress observed for 
misorientation angles 15°<8<45°. High stresses appear near GBs. Figure 7.5.8 (a), 
(b) and (c) show the local shear strain (812) normalized by applied strain (so=Lo/L) 
along the paths x l,  x2 and x3 parallel to the traction direction for various TGB 
misorientation angles. The magnitudes o f shear stress appear low in the fixed crystal 
and high in the tilted crystal. The shear strain jum ps from lower to higher values near 
the TGB with the highest shear strain appearing along the TGB. Figure 7.5.9 shows 
the maximum local normal stress and maximum hydrostatic stress normalized by the 
applied uniform macroscopic stress for various TGB misorientation angles in 
polycrystalline nickel. These results suggest that the local stress and strain
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distribution in the nickel bi-crystal case are governed primarily by the TGB 
misorientation angles.
Next the effects o f GB misorientation on hydrogen distribution in the bi- 
crystal and polycrystal simulation results are discussed. Figure 7.5.10 shows the 
normalized hydrogen concentration along the normalized path x l parallel to the 
traction direction for various TGB misorientation angles in bi-crystal nickel. The 
figure shows higher hydrogen concentration gradients along the TGB.
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Figure 7.5.6 Normalized normal stress for various orientations o f grainsetl rotated 
along loading direction by 5°, 30°, 40°, 45°, 60°, 75°, 85°.
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Figure 7.5.7 Maximum normalized normal stress S22 (blue), maximum normalized 
hydrostatic stress (orange) and maximum normalized Von Mises stress (grey) as a 
function o f GB misorientation in bi-crystal nickel.
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Figure 7.5.8 (a) Normalized shear strain (812/ 80) along the normalized path xl (y/h) 
parallel to the traction direction [0 1 0 ] for various misorientation angles, (b) 
Normalized shear strain (812/ 80) along the normalized path x2 (y/h) parallel to the 
traction direction for various misorientation angles, (c) Normalized shear strain (812/ 
80) along the normalized path x3 (y/h) parallel to the traction direction for various 
misorientation angles in bi-crystal nickel.
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Figure 7.5.9 Maximum normalized normal stress and maximum normalized 
hydrostatic stress as a function o f GB misorientation in polycrystalline nickel.
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In the numerical model this effect is explained by the fact that i) the elastic constants 
in the modelled crystals are a function of orientation, ii) these differences directly 
affect the calculated hydrostatic stresses which iii) directly affect diffusion and the 
evolution of the hydrogen concentration field. The effect in real material, as opposed 
to the numerical model, is the same but the explanation would proceed along the 
following lines, i) the overall uniform applied elastic stress on the bi-crystal 
generates dislocations along TGB due to the dilatational mismatch produced by 
differences in the mechanical responses arising from the differences in anisotropic 
elasticity between tilted crystal and fixed crystal ii) the dislocations developed along 
TGB act as hydrogen trap sites which segregate and accumulate hydrogen 
concentrations in the form clustered atomic hydrogens along TGB iii) where the 
amount of dislocation generation is governed by the GB misorientation angle and the 
variation in the amount of dislocations generated depends on the misorientation angle 
between the two adjacent crystals.
The hydrogen concentrations are heterogeneously distributed in the bi-crystal 
nickel model for TGB misorientations O°<0<9O° due to the change in stress gradients
i.e. the heterogeneous distribution of normalised hydrostatic stresses (oh/ao) whose 
values are greater or lower than 0.33 and normalised normal stresses (an/ao) greater 
or less than unity. In contrast the hydrogen concentration is homogenously 
distributed for GB misorientations 0° and 90° because the homogeneous distribution 
of normalised hydrostatic stresses (oh/oo) are equal to 0.33 and the normalised 
normal stresses (an/ao) are equal to 1. The normal hydrostatic tensile and 
compressive stresses are acting as the driving forces for higher and lower local 
accumulations of hydrogen respectively. The hydrogen concentrations near the TGB 
can be higher or lower depending on the misorientation angle. The accumulated 
hydrogen concentrations are higher near the TGB for misorientation angles 0°<0<45° 
and lower for misorientation angles 45°<0<90°. Increased hydrogen concentrations 
along the TGB are observed for tensile normalised normal stress and normalised 
hydrostatic stresses (oh/oo) whose values are greater than 1 and 0.33 respectively. 
Lower accumulations of hydrogen along the TGB misorientation are observed with 
compressive normalised normal stress and normalised hydrostatic stresses whose 
values are less than 1 and 0.33 respectively. Tensile stresses with higher stress 
gradients segregate higher concentration of hydrogen.
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Figure 7.5.10 Normalized hydrogen concentration along the normalized path xl (y/h) 
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(b) Close up view o f normalized hydrogen concentration along the normalized path 
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crystal nickel.
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Higher accumulation o f hydrogen is observed with misorientation angles 0°<9<45° 
due to high tensile stresses acting with these misorientation angles. Lower 
segregations o f hydrogen concentration are observed on misorientation angles 
45°<9<90° due to high compressive stresses. This numerical prediction suggests that 
TGBs act as trap sites as well as non-trap sites depending on the type o f stresses 
acting on the TGB i.e. tensile or compressive.
Figure 7.5.11 shows the normalised hydrogen concentration along the 
normalized path x2 parallel to the traction direction for various GB misorientations 
in bi-crystal nickel. Figures 7.5.12 and 7.5.13 show the normalized hydrogen 
concentration along the normalized path near the TGB on crystal 1 (i.e. fixed crystal) 
and crystal2 (tilted crystal) respectively perpendicular to the traction direction for 
various misorientation angles. Figure 7.5.14 shows the corresponding plot o f 
normalised hydrogen concentration for various GB misorientations in bi-crystal 
nickel. Figure 7.5.15 shows the normalised hydrogen concentration for various GB 
misorientations in polycrystalline nickel.
7.0
TGB
6.0
Crvstal2 Crystal 140'
45' Path x2
5.0
4.0
Fixed Crystal Tilted Crystal£  3.0
2.0
0.0^0.00 0.20 0.40 0.60 0.80 1.00
Normalized distance along path2
Figure 7.5.11 Normalized hydrogen concentration along the normalized path x2 (y/h) 
parallel to the traction direction for various misorientation angles in bi-crystal nickel.
129
30°
60°35° 40° 45c  12
0.6 0.8 10.2 0 .40
N o rm alized  p ath  n ea re r to  t i lt  bou nd ary  on fixed  crystal
—  3 0 ° 
- 6 0 °
14
c
o
c<Duc
ou
T3
OJ
M
E
o
z
0 .0 4 0 .0 50.01 0.02 0 .0 30
N o rm alized  path  n ea re r to  t i lt  b o u nd ary  on fixed  crystal
Figure 7.5.12 (a) Normalized hydrogen concentration along the normalized path 
nearer to the TGB on the fixed crystal perpendicular to the traction direction for 
various misorientation angles in bi-crystal nickel, (b) Close up view o f  normalized 
hydrogen concentration along the normalized path nearer to the TGB on the fixed 
crystal perpendicular to the traction direction for various misorientation angles in bi­
crystal nickel.
130
3.5
c
o+: 3ro
I  2 .5<Duc 2
ou
TJ 1.5 <U
N
"ro 1
E
o 05 z
0 0.2 0 .4 0.6 0.8 1
N o rm a liz e d  p a th  n e a re r to  t i l t  b o u n d a ry  o n  T ilte d  c ry s ta l
o°
4 5 c
5°
60°
15° 30°
75° 85°
35°
90°
4 0 c
Figure 7.5.13 Normalized hydrogen concentration along the normalized path nearer 
to the TGB on crystal2 perpendicular to the traction direction for various 
misorientation angles in bi-crystal nickel.
CONC
(Avg: 75% )
+ i.000e+ 00  
+ 9 .l6 7 e -0 l 
+ 6 333e-0 l 
+ ? SOOe 01 
+ 6.667e-01 
+ 5 .833e-0 l 
+ 5.000e-01 
+4.167*-01 
+ 3.333e-01 
+ 2.5006-01 
+ 1 ,667e-01 
♦8 333e-02 
+0.000e+00
L
(Avg: 75%)
CONC
(Avg 75% ) T ; 
4 7 .564e+ 4o |
• + 6 .952e+ 00
• +6 .3206+ 00  
4 S .688e+ 00  
+ 5 .0S 6e+ 00  
+4.424e+Q 0 
+ 3 792e+fik-
• + 3 .160e+ * ii‘ 
■ -f 2 .528e-f00
+ 1 8 96e+ 00  
f l .2 6 4 e + 0 0  
+ 6 .320e-01  
+ 0 .000e+ 00
d Crystal
ed Crystal
CONC 
(Avg: 75%) 
r—r + 1.398e+01 
■ -  + 1.281e + 0 l
■  - + 1 .16Se+0l
— - + 1 .048e+0l
— - +9.319e+00 
m  - + 8 .154e+00
■  - + 6.909e+OO
■  - + 5.824e + 00
■  - +4.659e+00 
9  - 43 .495e+00
■  - +2.3306+00 
■ -  41.1656400
40.000e400
CONC 
(Avg: 75%)
+ 1428e+ 01 
+1 309© + 01 
■1- 41 1906401 
—1- +1 07le+01  
- 4  +9 520e+00 
_ L +6 3306400 
■ -  +7 14ue+00 
M -  +5 9506400 
■ -  44 760e400 
B -  43.5706400 
■ -  42  380e+00 
■  41 1906400 
40  .0006400
I I CONC (Avg 75%)_ -  41 .3176401  ■ -  41 .2076401 
■1- 41 .0976401 
-4 -  +9.875e + 00 
- 4  + 8.7786 + 00 
o f  +7.680e + 00 
■ -  +6.583e + 00 
m -  +5 .486e+00 
i t -  +4 .3896+00 
g§- 43 .2926+00 
■ -  +2.1946+00 
■ -  +1.0976+00 
+0 .000e+00
1
L rL . , w $ YL .
(d) (e) (0
131
RESULTS AND DISCUSSION
CONC 
(Avg: 75%)
+ 7.017e+00 
+6 433e+00 
+5.848e+00 
+5.263e+00 
+4.678e+00 
093e+00 
+3.509e+00 
+2.924e+00 
+2.339e+00 
+1 754e+00 
+1.170e+00 
+5 848e-01 
+0.000e+00
CONC 
(Avg: 75%)
+2.113e+00 
+1.937e+00 
+1.761e+00 
+1.585e+00 
■f 1 .409e+00 
+ 1.233e + 00 
+1.057e + 00
CONC 
(Avg 75%)
+1 .0688+01
CONC 
(Avg: 75%)
+ l.000e+00 
+9.167e-01
CONC 
(Avg: 75%)
Figure 7.5.14 Contour plot o f normalized hydrogen concentration for various 
misorientation angles in bi-crystal nickel (a) 0° (b) 5°(c) 15° (d) 30° (e) 35°(f) 40° 
(g) 45° (h) 60° (i) 75° G)85° (k) 90°.
In a real material the amount o f hydrogen traps would increase along the 
TGB as the tensile stress increases. An increase in dilatational mismatch between 
crystals increases the tensile stress. The amount o f hydrogen traps would 
correspondingly decrease along a TGB as the compressive stress increases due to a 
decrease in the dilatational mismatch between crystals.
In the case o f the model, figure 7.5.16 shows the maximum normalized 
hydrogen concentration as a function o f TGB misorientation angles in bi-crystal 
nickel. Figure 7.5.17 shows the maximum normalised hydrogen concentration as a 
function o f misorientation angles in polycrystal nickel. Maximum hydrogen 
segregation increases as the TGB misorientation angle increases above 0° attaining a 
maximum for the TGB misorientation angle o f 35° then it decreases, attaining a 
steady state after the TGB misorientation angle o f 85°. Thus the model predicts
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Figure 7.5.15 Normalized hydrogen concentration for various orientations of 
grainsetl rotated along loading directions 0, 5° , 30°, 45°, 60°, 75°, 85° in 
polycrystalline nickel.
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Figure 7.5.16 Maximum normalized hydrogen concentration as the function of 
misorientation angles in bi-crystal nickel.
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Figure 7.5.17 Maximum normalized hydrogen concentration for various 
misorientations in the polycrystalline model.
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maximum highly segregated hydrogen concentrations are found on TGB 
misorientation angles in the range 15°<0<45°.
7.5.2 Discussion
The results of numerical modelling in this investigation indicate that the TGB 
misorientation angle affects the followings factors: neighbouring crystal boundary 
conditions, changes in stress gradients and types of stress developed (i.e. 
tensile/compressive) depending on the applied boundary condition and neighbouring 
crystal orientations. The effect of stress induced hydrogen diffusion in the meso- 
scale bi-crystal and polycrystalline nickel models would indicate that TGB 
misorientation angles are one of the key factors significantly influencing hydrostatic 
stress, normal stress, strains and hydrogen distributions. This result illuminates the 
problem of how TGB misorientation angles influence hydrogen segregation and 
trapping in bi-crystal and polycrystal nickel specimens and the effects of TGB 
misorientation on stress induced hydrogen evolution. This knowledge could be 
beneficial for optimization of TGB misorientations in materials in order to reduce 
hydrogen traps and segregations sites which would lead to improvements in 
resistance to hydrogen induced intergranular cracking and hydrogen embrittlement.
From the results of this computational numerical modelling it has been observed 
that the local stress, strain and hydrogen distributions are inhomogeneous and are 
affected by misorientation angles, orientations of neighbouring crystals and boundary 
conditions. In a real material, as opposed to the numerical model, the clustered 
atomic hydrogens are segregated in traps near to the TGB due to the influence of 
dislocations developed under the effects of applied mechanical stress. The numerical 
model predicts maximum hydrogen concentrations are accumulated on the TGB with 
misorientation angles ranging between 15°<0<45°. This investigation reinforces the 
importance of GB engineering for designing and optimizing these materials to 
decrease hydrogen segregation arising from TGB misorientation.
135
7.6 Coupled micro-macro model for hydrogen diffusion
The proposed multi-scale model is capable of resolving the necessary 
microstructural phenomena with less usage of computer resources and decreased 
computational time. In this section such a method is described using coupled 
microstructural and continuum approaches including critical defect site (CMCD) 
modeling method with sub-structural and sub-modelling techniques to investigate the 
hydrogen embrittlement mechanism. The CMCD technique consists of a 
microstructural model (micro scale) near critical sites such as cracks, defects and 
voids as a sub-structure or a sub-model coupled to macro-scale continuum models 
away from critical sites. The CMCD method thus replaces the continuum domain 
near the critical sites by including microstructural phenomena such as grain, grain 
boundaries, triple junction, voids, defects, and clustered grains. Initially the CMCD 
model is implemented in hydrogen diffusion analysis and then this technique is 
extended to solve multi-physics (i.e. coupled chemo-mechanical) problems.
7.6.1 Experimental results
Initially, the developed CMCD model was tested by simulating hydrogen diffusion in 
two example problems in a 2D system. The initial problem is crack free and the 
second problem includes a single micro crack in the form of sharp notch in the round 
test piece. The geometry and boundary conditions for hydrogen entry are sketched in 
figures 7.6.1 and 7.6.2 respectively for each of the models. Figures 7.6.1 and 7.6.2 
show the CMCD model micro domains embedded within the continuum macro 
domain, without a crack and with a crack respectively. Note all the material 
properties used in the analysis are given in the appropriate figure captions. Figures
7.6.1 (a) and (b) show the space shuttle launcher thrust chamber geometry on the 
metre scale and in close-up view respectively. Figure 7.6.1 (c) shows the close-up 
view of the thrust chamber macro domain cross section coupled to the micro domain.
In the CMCD without a crack model, the micro domain is coupled with the 
homogenised continuum domain using a tie boundary as shown in figure 7.6.1 (d).
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The area of the micro domain is 36 pm2 and the average grain size is 6  pm. Figure
7.6.1 (e) shows the boundary conditions for hydrogen entry into the surface of the 
material as an environmentally controlled concentration of hydrogen. Figure 7.6.1 (f) 
shows the tie boundary (in yellow) coupling the macro and micro domains of the 
CMCD model. The diffusion properties used in the intragranular region, 
intergranular region and macro domain are 9xl0 ’14 m2/s, 4xlO‘10 m2/s and 2xl0 ’12 
m /s respectively. The effective diffusion property used in the macro domain for 
average grain size of lpm is calculated based on a FEA microstructure 
homogenization method developed by authors and detailed descriptions of this 
technique can be found chapter 7.1. The reader should refer to the respective figures 
for the diffusion property values used in the models. In the CMCD with a crack 
model, the micro domain is confined to a small domain in the critical region near the 
comer of notch in the test piece. The remaining region is considered as a 
homogenized continuum domain as shown in figure 7.6.2 (a). Cortes et al. consider 
the 3D round sharp notch test piece as a 2D axisymmetric model to analyse the 
hydrogen embrittlement problem by examining the effect of a crack starting from the 
root of the sharp notch. The 2D sharp notch geometry considered here is used to test 
the hydrogen transport mechanism of the CMCD model with a crack (i.e. the sharp 
notch is considered as a crack as shown in figure 7.6.2 (a)). Figure 7.6.2 (b) shows 
the axisymmetric boundary condition and the boundary condition of hydrogen 
concentration entering into the surface of the structural poly crystalline material. 
Figure 7.6.2 (c) shows the coupling of the micro domain and homogenised 
continuum domain via the tie boundary. The mesh used for the CMCD model 
without a crack and with a crack and the close-up view of the meshed micro domain 
region are shown in figures 7.6.3 and figure 7.6.4 respectively.
The simulations of the CMCD model with a crack and without a crack were 
performed to investigate the hydrogen embrittlement mechanism of a polycrystalline 
material using a 2D hydrogen diffusion simulation. Figure 7.6.3 shows contours of 
the hydrogen concentration within the intragranular and intergranular heterogeneous 
microstructure in the CMCD without a crack model where the subscale micro 
domain and the homogenous behaviour of the hydrogen diffusion mechanism at the 
macro scale continuum level are solved using a substructure micro domain method.
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Figure 7.6.1 (a) & (b) Space shuttle launcher thrust chamber geometry on the metre 
scale and a close-up view, (c) Close-up view o f the nickel layer o f a thrust chamber 
cross section macro domain coupled with the micro domain, (d) CMCD model 
without any cracks: Geometry with coupled continuum domain and micro domain 
and its close-up view, (e) Boundary condition with hydrogen from environment 
entering into the material from outer surface to inner surface, (f) Tie boundary in 
yellow couples the micro and continuum domains.
3000|im
6000um
1100pm
Figure 7.6.2 2D axisymmetric CMCD model with a crack in the form o f sharp notch, 
the micro domain geometry is embedded within the homogenized continuum domain 
near the critical site o f sharp notch test piece. (Note: Notch radius 200pm, crack
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length =500pm and average grain size=70pm). (b) Coupling the micro domain with 
the continuum domain with a tie boundary in yellow, (c) Boundary condition 
showing the hydrogen entry surface o f the material from the environment.
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Figure 7.6.3 Contours o f hydrogen concentration on a coupled two scale CMCD 
model without any crack, (a) Shows the hydrogen diffusion results o f boundary 
technique at three different elapsed times o f 20s, 60s and 400s respectively. Note: To 
v alidate the tie and cut boundary technique the CMCD model without crack has been 
analysed using the effective diffusion property in both macro and micro models, (b) 
Validation o f the micro boundary technique model. The results shows the hydrogen 
diffusion concentration profile between macro model and micro model with the tie 
boundary and cut boundary techniques at three different distances from top to bottom 
(X l=7pm , X2=8pm and X3=l 1pm, the same colour legend is used for all figures, (c) 
and (d) show the hydrogen distribution in the CMCD model based on a tie boundary 
technique and cut boundary technique respectively after an elapsed time o f 400s. 
Homogeneous distribution o f hydrogen in the macro model and heterogeneous 
distribution o f hydrogen in the micro model are observed. On the sub-scale the 
diffusion through grains and grain boundaries is resolved using the sub-structure and 
sub-model micro domain boundary method. The area o f the micro domain is 36 pm 2 
and the average grain size o f polycrystalline material in the micro domain is 1pm.
In order to validate the developed CMCD model with both “tie boundary" and “cut 
boundary" technique, initially the hydrogen diffusion analysis has been done using
single diffusion property in both micro and macro domain as well in intergranular
• • . . .  . . 1 2 2  and intragranular domain. The diffusivity used in the model is 2x10' “ m 7s. The
results o f this analysis are shown in figure 7.6.3 (a) for three elapsed times o f 20s,
60s and 400s.
In order to validate the CMCD model with both tie boundary and cut 
boundary techniques a preliminary hydrogen diffusion analysis was done using a
single diffusivity in both micro and macro domains as well as in the intergranular
1 2 2and intragranular domains. The diffusivity used was 2x10' " m /s. The results o f this 
analysis are shown in figure 7.6.3 (a) for elapsed times o f 20s, 60s and 400s. In order 
to validate the CMCD model based on tie and cut boundary techniques, the hydrogen 
diffusion
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Figure 7.6.4 Contours o f hydrogen concentration in a coupled two scale CMCD 
model with crack after lx lO 7 s. On the sub-scale the diffusion through intergranular 
and intergranular heterogeneous microstructure is resolved at two different time 
scales using a substructure micro domain method. Macro-scale assumptions, 
homogeneous behaviour, are assumed at the larger scale. Note: the diffusion
• • • •  • • 1 4 2properties used in grains, grain boundaries and the macro domain are 9x10’ n r/s ,
10 2 13 2.4x10' n r /s  and 1x10' m /s  respectively.
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Figure 7.6.5 Close up view o f the heterogeneous hydrogen diffusion and 
accumulation mechanism in the micro domain for various increasing elapsed times o f 
tl= 2 .2 9 x l0 5 s, t2= 4.9xl05 s, t3=1.13xl06 s, t4= 4.1xl06 s, t5=6.1xl06 s, t6 = lx l0 7s in 
the CMCD model with a crack.
analysis results are plotted for three different positions X I, X2 and X3 (i.e. in the 
cross section o f the outer nickel layer o f the thrust chamber from outer surface to
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inner surface at distances of Xl=7pm, X2=8pm and X3=l1pm) in both the micro and 
macro domains). These plots are shown in the figure 7.6.3 (b). The tie and cut 
boundary micro domain results are in good agreement with the macro domain results. 
Two test cases were analysed using the CMCD model without a crack model using 
different diffusion properties in the micro domain and macro domain to show the
effective application of the techniques. The homogenous effective diffusivity (i.e.
10 0 • the diffusivity used in the macro domain) is 2x10' m /s. An average grain size of
lpm has been used in the macro domain with different diffusion properties in grains
and grain boundaries in the micro domain (diffusivities used in the intragranular
region and intergranular regions are 9x1 O' 14 m2/s and 4x1 O’10 m2/s respectively).
Figure 7.6.3 (c) shows the results of the CMCD model without a crack using the tie
boundary technique and figure 7.6.3 (d) shows the results of the CMCD model
without a crack using the cut boundary technique.
In order to show the application of CMCD model in the cracked domain
another test case was analysed. The hydrogen diffusivity used in the macro domain is
i - j  ^
1x 1 0 ' m /s, in the micro domain the diffusivities used in the intragranular region 
and intergranular region are 9x1 O’14 m2/s and 4xlO' 10 m2/s respectively. Figure 7.6.4 
shows the equivalent plots for the test case of the CMCD model which includes the 
crack. Figure 7.6.5 shows the resolved hydrogen concentration and accumulation for 
the intergranular and intragranular microstructural micro domains at various elapsed 
times (tl=2.29xl05 s, t2=4.9xl05 s, t3=1.13xl06 s, t4=4.1xl06 s, t5=6.1xl06 s,
n
t6=lxl0 s) for the CMCD crack model based on a substructure micro domain 
method. This simulation shows detailed information about the modelled hydrogen 
diffusion, aggregation and accumulation in the heterogeneous polycrystalline 
structural material.
7.6.2 Discussion
The predicted hydrogen concentrations obtained through representing the micro scale 
intragranular and intergranular geometry and physics within the current CMCD 
model demonstrates how microstructure plays an important role in the aggregation of 
hydrogen concentration near critical sites and interfacial areas. These critical and 
interfacial areas accumulate hydrogen more than elsewhere. This detailed local 
microstructural interfacial information about the hydrogen diffusion, accumulation,
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and aggregation gives a better understanding about intergranular hydrogen transport 
mechanisms. The model also has the potential to study and understand crack 
nucleation, propagation, critical hydrogen concentration and debonding of materials 
along the interfacial critical region of a structural polycrystalline material. The 
proposed multi scale CMCD model couples the microscopic details to the 
macroscopic region using tie boundary and cut boundary techniques. It can be used 
for modelling the location of critical sites providing more detailed information. The 
incorporation of microstructural details into the macroscopic continuum region may 
help to predict hydrogen embrittlement at the design stage providing a better 
understanding of hydrogen diffusion phenomena and much more detailed local 
microstructural information of the hydrogen transport.
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7.7 Coupled micro-macro model for hydrogen embrittlement
7.7.1 Experimental results and discussion
The multiscale multiphysics hydrogen embrittlement problem is solved by 
using pre-cracked specimen embedded with microstructure features. The chosen 
problem in this section is a cracked polycrystalline nickel plate subjected to loading 
in a hydrogen rich environment where a simulated crack is deliberately introduced 
into the mesh. The commercial finite element program ABAQUS was employed for 
a sequentially coupled stress-assisted hydrogen diffusion analysis consisting of 
repeating steps of a stress analysis followed by a hydrogen diffusion analysis. A very 
fine mesh is used in the microstructural model to accurately capture the gradients of 
stress and hydrogen concentration near the artificial crack tip and a coarser mesh is 
used in the more distant (and assumed homogeneous) macro region. The procedure 
to couple the chemo-mechanical analysis is as follows:
a) The mechanical response of the coupled domain is captured firstly using an 
initial static stress analysis. Initially, the stress analysis is done using boundary 
condition as shown in figure 7.7.1, assuming the material is isotropic with a modulus 
of elasticity of 200 GPa and Poisson’s ratio of 0.3 and implementing the anisotropic 
properties in the microstructural model. These results are transferred to the 
microstructural level sub-mesh, shown in figure 7.7.1 (c), via the submodelling 
technique as explained in section 7.6. This effectively maps values from the macro 
model to the boundaries of the micro mesh. Values calculated in the micro region are 
similarly mapped back onto the macro mesh at the next stress analysis. The same 
macro to micro coupling procedure is carried out for the hydrogen diffusion analysis 
as well.
b) In the micro-scale model the material mechanical anisotropy is accounted for 
by assigning individual grains random crystallographic orientations using the FCC 
nickel single crystal elastic constants Cn=247 GPa, C12= 147 GPa and € 44= 125 GPa 
[81, 205]. The elastic constants of grain boundaries are assumed as Cn=247 GPa, 
Ci2=147 GPa and C44=125 GPa.
c) The micro-level model also includes micro-level stress-based driving forces 
for hydrogen diffusion. Hydrogen diffusion without the effect of stress in an FCC 
single crystal is isotropic with one independent diffusion material property [2 1 0 ].
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However, hydrogen diffusion in grain boundaries is faster than diffusion within 
grains in nickel. The hydrogen diffusivity and initial atomic hydrogen concentration
10 9values used in the micro model are 3.52x10’ cm /s (within grains) and 2.05x 10 
xcm2/s (in grain boundary affected zones) [81,99] and 1 xlO’4 mol.nm” respectively . 
Thus the model uses a relatively straightforward coupling from macro to micro 
scales, assuming isotropic mechanical/diffusivity behaviour in the former and 
mechanical anisotropy and varying hydrogen diffusivity values in the latter.
OOnm
Figure 7.7.1 (a) Macro scale combustion chamber o f a rocket [74]. (b) Geometry o f 
2D CMCD macro model domain, (c) Microstructural polycrystalline model 
composed o f grains and grain boundary affected zones (darker) with a pre-placed 
nano crack at bottom left, (d) Close-up view o f nano grain (shaded), grain boundaries 
and below a higher magnification showing grain boundary affected zones (GBAZ).
Figure 7.7.2 (a) shows the von Mises stress distribution in the microstructural
1 1 9domain under a 1x10’ N/nm applied uniform load. The stresses observed near the 
defect are high as expected and they are heterogeneous near and along the grain 
boundary. The stresses in the rest o f the microstructural region are also 
heterogeneous between grains and grains boundaries for the uniform applied stress. 
These heterogeneous stress distributions show high stresses near grain boundaries 
and triple junctions when compared to grain interiors due to the anisotropy arising 
from the random crystallographic orientation constraints and deformation constraints 
caused by the grains and adjacent neighbouring grains as reported in the previous 
research [81, 91, 213, 223, 225].
Figure 7.7.2 (b) shows the shear stress in the microstructural domain. High 
shear values are observed near and along GBs and TJs (highlighted in dotted circles) 
and also shear gradients are typically higher between neighbouring grains. Stress
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analysis has also been done using isotropic material parameters (i.e. no crystal 
orientation effects). The results, contained in figure 7.7.2 (c), show a homogeneous 
stress distribution across grains and GBs as expected.
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Figure 7.7.2. Mechanical response in the microstructural region for uniform applied
stress, (a) von Mises stress (N/nm2). (b) Shear stress (N/nm2). (c) Predicted von • 2Mises stress (N /nnr) without microstructural anisotropy effects.
It should be noted that stresses in the vicinity o f the crack tip are higher when 
microstructural inhomogeneity is included (i.e. stress with microstructural
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imhomogeneity (Sm) =65.17xl0'12 N/nm2), Figure 7.7.2 (a) and lower for the 
homogeneous case (i.e. stress without microstructural inhomogeneity (S1) 
=53.44xl0‘12 N/nm2) in Figure 7.7.2 (c).
Figure 7.7.3 shows the multiphysics chemo-mechanical response in the form of a 
hydrogen distribution with associated hydrogen accumulation in the microstructural 
region ahead of the defect tip after (a) 1 second (b) 1 week of elapsed time. It also 
shows significant hydrogen accumulation along GBs and TJs due to high tensile 
stresses induced in the microstructure. The rapid diffusion paths along GBs and TJs 
combined with high tensile stresses leads to accumulations of hydrogen atoms 
forming clusters of high hydrogen concentration. Lower hydrogen accumulation is 
observed along GBs and TJs near regions of compressive stress. Compressive 
stresses coupled with faster diffusion along GBs and TJs effectively pushes the 
hydrogen atoms out from GB and TJ zones. Figures 7.7.3 (b) and (c) show the 
chemo-mechanical response in the micro domain without the mesh and with the 
mesh respectively. Figure 7.7.3 (d) shows the purely mechanical response as well the 
chemo-mechanical response along the normalized distance in the micro domain 
along the arrow line shown in Figure 7.7.3 (c). “G” represents grain and “GB” 
represents GB in this figure. The dotted line curve shows the stress concentration in
2 • • 3N/nm and the solid line curve shows the hydrogen concentration in mol.H/nm .
Changes in local stress and hydrogen concentration at the grain scale are 
observed when moving from one grain to another grain. At GBs a peak value is often 
observed. The triple junctions display high accumulations of hydrogen compared to 
grains and other grain boundaries. These effects are due to neighbouring grain shapes 
and orientations. TJs are a meeting point of three or more GBs. Figure 7.7.3 (e) 
shows the variation in hydrogen concentration with distance moving along various 
GBs towards various TJs. These data are 130 data points along 18 GBs leading to 5 
TJs plotted in the figure. This shows that when moving towards a TJ along a GB the 
predicted hydrogen concentration values (i) increase moving towards some TJs and 
(ii) decrease moving towards other TJs. Whether a high or low accumulation of 
hydrogen at triple junctions occurs is dependent on whether tensile or compressive 
stress is present in addition to the orientation of the grains and neighbouring grains as 
well as grain shape in the vicinity of the TJ.
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mesh respectively (dotted circles show the accumulation o f hydrogen on triple
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r \ D O U L I O  MI ML/
junctions, (d) Hydrogen distribution (solid line, mol.H/nm3) and stress distribution 
(dotted line) along the normalized path along arrowed line shown in (c) also showing 
the stresses in the vicinity of the crack tip are higher in model with microstructural 
feature (i.e. Sm=65.17><10'12 N/nm2) and lower in model without microstructure 
feature (i.e. SI=53.44><10' 12 N/nm2). (e) Change in hydrogen concentration with 
normalized distance along various GB paths towards TJs (where the value of 1 on the 
x-axis is the TJ). The hydrogen concentration values for 130 data are collected along 
18 GBs belonging to five TJs (among the five TJs, three TJs have four GBs per TJ 
and two TJs have three GBs per TJ).
The prediction of tensile or compression stress at GBs and TJs depends on the 
orientation of grains and their neighbouring grains as well as grain shape in the 
vicinity of the TJ. The results here show it is important to consider the 
microstructural features of the material to better capture local stresses and the 
accumulation of hydrogen when investigating hydrogen embrittlement in 
polycrystalline materials.
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7.8 Multiscale model for localized hydrogen induced cracking
7.8.1 Experimental results and discussion
The multiscale FE model has been used to simulate stress assisted hydrogen 
diffusion using real microstructures extracted from EBSD analysis as described in 
section 6.5. The fractured sample specimens were experimentally analysed using 
EBSD to collect the grain boundary character distribution (GBCD) and triple 
junction character distributions (TJCD) related to the crack initiation and propagation 
path. The multi-scale FE simulation results of high and low stress concentrations, 
hydrogen concentration regions related to GBCD and TJCD were correlated with 
experimental results. The experimental and simulation results follow in the next 
section. First, the grain boundary character is described as follows.
• Special S3 twin boundaries were defined as S3 grain boundary.
• Coincidence site lattice (CSL) boundaries with S < 11 other than S3 twin 
boundary were defined as special CSL (SCSL) grain boundaries.
• Grain boundary misorientations 0° < 0 < 15° were defined as low angle 
grain boundary (LAGB).
• Grain boundary misorientations 50° < 0 < 62° other than S3 and SI 1 were 
defined as special random grain boundary (SRGB)
• CSL grain boundaries other than SCSL and S3 twin boundaries, and grain 
boundary misorientations other than SRGB, were defined as random grain 
boundaries (RGB).
The knowledge gained from GB misorientation microstructure FE simulation 
results in section 7.5 and 7.7 throw lights to characterize the grain boundary type and 
triple junction type in this chapter. Figure 7.8.1 (a) shows the SSRT fractured 
annealed nickel specimen and (b) shows the FEA simulated macro scale von Mises 
stress distribution of the SSRT specimen. Cut boundary techniques have been used in 
this simulation to minimize the computation time and resource. The macro scale 
coarse mesh FE analysis results show the macro-scale distribution of von Mises 
stress and the critical high stress accumulation site has been identified using this
150
simulation result. The critical site was replaced by a real microstructural RVE as a 
sub model and a micro scale FE analysis was done using the cut boundary technique. 
The micro scale fine mesh sub model simulation results show the local anisotropic 
grain and grain boundary scale distribution of Von Mises stress at the critical site of 
the specimen arising from the effects of crystallographic orientation as shown in 
figure 7.8.1 (c). Figures 7.8.1 (d) and (e) show the local distribution of stress along 
the traction direction and perpendicular to the traction direction, the von Mises stress 
and the hydrostatic stresses on a 23 grain boundary and random grain boundary 
(RGB) respectively. These results show that there are high accumulations of 
hydrostatic stress along the RGB and a much lower accumulation of hydrostatic 
stress along 23 GB. There is a large jump in hydrostatic stress between neighbouring 
grains of RGB and small or zero jumps in hydrostatic stress between neighbouring 
grains of 23 GB. So, the RGBs may act as hydrogen trapping sites which may lead to 
crack initiation and propagation along these boundaries. This can be evaluated by 
using multi-scale FE stress assist hydrogen diffusion analysis.
These multiscale FE simulation results are compared with EBSD 
crystallographic orientation results on the hydrogen induced intergranular fractured 
specimen. Figure 7.8.2 shows the SSRT fractured annealed nickel specimen and the 
FE simulation results. Figure 7.8.2 (a) shows the real SSRT tested fractured 
specimen. Figure 7.8.2 (b) shows the hydrogen distribution on the macro scale FE 
simulation results for the SSRT specimen. Stress assisted hydrogen diffusion 
analyses were carried out using cut boundary techniques to minimize the 
computation time and resource. Figure 7.8.2 (c), from results of the microstructural 
FE coupled chemo-mechanical analysis, shows the localized micro scale anisotropic 
distribution of hydrogen along various GBCD and triple junction characteristic 
distributions (TJCD). The figure also shows the crack initiation point and crack 
propagation path, which is along random grain boundary. The hydrogen segregation 
along RGB is greater than the critical hydrogen concentration so a crack would 
initiate at this point. This has been validated from the fracture analysis of EBSD 
results which can be found in Figure 7.8.2 (f). Figure 7.8.2 (d) shows the effect of 
random GBCD and TJCD on hydrogen segregation. This RGB and its TJ 
connectivity is a high hydrogen segregation/trapping zone.
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Figure 7.8.1 Multiscale finite element simulation results using cut boundary 
techniques, (a) The SSRT tested fractured PP-Ni specimen, (b) Macro scale coarse 
mesh based finite element analysis result, (c) Close up view showing the high stress 
accumulation critical site and local micro scale Von Mises stress distribution in the 
MRVE based FE simulation result [Note: macro and micro stress units are in N/mm 
and N/pm respectively], (d) and (e) show the localised stress distributions plot along 
I3G B  and RGB respectively.
152
The segregated/trapped hydrogen in this RGB exceeds the critical limit in nickel (the 
critical hydrogen concentration for fracture criteria was experimentally determined to 
be 33 ppm - Airbus confidential report). This means cracks initiate at the RGB as 
shown in experimental result in Figure 7.8.2 (f). The initiated crack propagated along 
RGB as shown in Figure 7.8.2 (f). As shown by the multiscale simulation and the 
experimental results, hydrogen induced grain boundary cracking seems to be driven 
by local random grain boundary tractions and RGB-RGB-RGB triple junction 
connectivity tractions arising from stress incompatibilities between neighbouring 
grains and by the segregated hydrogen in these zone exceeding the critical level. The 
multiscale FE analysis results also shows that RGB-RGB-RGB connected TJs are 
more susceptible to hydrogen induced cracking than RGB and S3-S3-23 connected 
TJs. Cracks on RGB-RGB-RGB connectivity TJs propagate along high hydrogen 
content intergranular RGBs as shown in Figure 7.8.2 (f). The multiscale model 
predicts this hydrogen induced crack initiation and propagation at a local grain scale 
level. Figure 7.8.2 (e) shows the effect of S3 GBs, SCSL GBs and SRGBs and TJ 
connectivity on hydrogen segregation/distributions. This observation reveals that S3 
twin grain boundaries, CSL GBs and SRGBs segregate less hydrogen (less than 
critical level) and so the crack does not necessarily initiate in these grain boundaries. 
These special GB connectivity TJs are also observed as less hydrogen segregated 
zones with the amount of hydrogen being less than the critical level. The multi-scale 
finite element simulation correctly predicts the hydrogen induced crack initiation and 
propagation path as validated by EBSD as shown in Figure 7.8.2. Detailed EBSD 
analysis was conducted in the hydrogen induced SSRT fractured specimen on the 
fracture surface as shown in figures 7.8.3 (a) and (b). Although most of the hydrogen 
induced intergranular cracks were observed at RGBs, there were very few observed 
at SRGB and SCSL. On the other hand, hydrogen induced intergranular cracks were 
observed at low angle GBs and S3 twin grain boundaries. Moreover, cracks also 
nucleated at RGB-RGB-RGB connectivity TJs. The effects of GBCD on 
experimental hydrogen induced intergranular cracks and predicted intergranular 
hydrogen segregations above the critical level are quantitatively examined as 
follows. Figure 7.8.3 (c) shows the relationship between (i) the frequencies of 
hydrogen induced intergranular cracking (ii) the frequencies of multiscale FE 
predicted intergranular hydrogen concentrations above the critical level and (iii) the 
grain boundary character.
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Figure 7.8.2 Multiscale FE stress assisted hydrogen diffusion (FESAD) simulation 
results based on cut boundary techniques, (a) The SSRT tested fractured PP-Ni 
specimen, (b) Macro scale coarse mesh based FESAD result, (c) Close up view o f
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local hydrogen distribution (ppm) at the critical site. Localised hydrogen 
distributions at two different zones (d) high hydrogen accumulated zone (Random 
GBCD) and (e) Low hydrogen accumulated zone (Special GBCD) and grain 
boundary information from EBSD. (f) Experimental EBSD characterization results 
of hydrogen induced SSRT fracture specimen showing crack initiation and 
propagation along RGB. Note: Ch is segregated hydrogen concentration; Cc is 
critical hydrogen concentration, 33 ppm.
The data were obtained from the fracture surface of the SSRT 
specimen using EBSD. The hydrogen induced intergranular cracks were observed at 
37 grain boundaries on the fracture surface. 83.78 % of cracks within GBs were 
RGB, 10.81% were SRGBs and 5.4% were SCSL. No hydrogen induced 
intergranular cracks were observed at low angle GBs or £3 boundaries. GB 
segregated hydrogen concentrations above the critical level were observed at 53 GBs 
at the critical site from the FEA prediction. In percentage terms GBs with predicted 
hydrogen concentrations above the critical value were 84.9 % RGB, 9.43 % SRGB 
and 5.67 % SCSL. No GBs with hydrogen concentrations above critical level were 
observed at low angle GBs or £3 boundaries. These experimental and multiscale FE 
results enhance the understanding of the grain boundary engineering relationships 
between GBCD and HIC/IHE and localized fracture criteria. This investigation also 
reveals that an increase in the fraction of S3, SCSL, low angle GB and SRGB grain 
boundaries and a reduction in the fraction of RGB in polycrystalline nickel will 
increase the resistance to hydrogen induced cracking and intergranular hydrogen 
embrittlement. Both experimental and multiscale modelling analysis results show 
that the random grain boundaries are susceptible to hydrogen induced crack initiation 
which leads to fracture. If possible, reducing the random grain boundary fraction and 
increasing special grain boundary fractions using grain boundary engineering 
techniques would likely increase ductility and minimise premature unexpected 
hydrogen embrittlement (HE) failure in poly crystalline nickel.
155
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MultiScale FE Simulat ion GB Hydrogen se grega t io n  a b o v e  
Critical level
(c)
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Crack resistant L3 Grain boundary
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Figure 7.8.3 EBSD image showing intergranular hydrogen induced cracks on the 
fractured SSRT specimen surface, (a) IPF map showing crystallographic orientations 
and GBCD on the crack path, (b) Local misorientations on the fracture surface which 
qualitatively corresponds to geometric necessary dislocation density [148]. (c) 
Relationship between experimental hydrogen induced intergranular cracks, simulated 
GB segregated hydrogen above the critical level and grain boundary character.
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7.9 Hydrogen Embrittlement in Nickel based superalloy 718
7.9.1 Experimental results
Figure 7.9.1 shows the microstructure of the undeformed solution heat treated 
Alloy 718. Figures 7.9.1 (a) and (b) shows the results of EBSD analysis, 
crystallographic orientation distribution maps of grain structures as an inverse pole 
figure (IPF) and Euler angle distribution along the rolling direction (RD) of the 
undeformed material microstructure respectively. Figure 7.9.1 (c) and (d) show the 
Special Coincidence Site Lattice (CSL) GBs (GB misorientations L<29°) of the 
undeformed microstructure and the relative statistics respectively. Table 7.9.1 gives 
the percentage values of CSL SGBs for the statistical distribution shown in figure
7.9.1 (d). This data shows that 33.3% of grain boundary lengths are X3 SGBs (twin 
boundaries). 10.32% of GB lengths are found to be other SGBs. For the solution 
hardened Alloy 718 a total of 43.62% of grain boundaries are found to be SGBs. 
Figure 7.9.1 (e) shows the backscattering electron (BSE) SEM image of the 
undeformed microstructure. The average grain size is 8.17 pm without twin 
boundaries and this distribution is shown in figure 7.9.1 (f). The average grain size 
was evaluated from 1447 grains within an area of 179830 pm . This study shows that 
the microstructure of the material prior to testing is free from porosity with grain 
sizes and shapes that are relatively homogeneous.
GB M iso rie n ta tio n  ang le(0°) 60 36.87 38.94 50.48 61.93 51.68 46.31
CSL /  GB Sigm a(Z) 3 5 9 11 17b 25b 29a
P e rc e n ta g e  (%) 33.3 0.37 1.9 3.3 0.59 0.42 3.74
Table 7.9.1 Special CSL GBs (E<29°) and percentages in the undeformed solution 
heat treated superalloy alloy 718.
Figure 7.9.2 (a) shows the macroscopic engineering stress-strain curves 
obtained from SSRT conducted in air and hydrogen charging (4 hours and 16 hours 
pre-charging as well hydrogen charging during the SSRT). All tests were conducted 
at ambient temperature (21°C). This shows that there is no significant change in yield
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strength and 0.2% offset yield strength if samples are tested in air, pre-charged with
3 1 4 1hydrogen or tested at strain rates o f 10’ s' or 1 O’ s' .
Steo*1 urn. Gftd490x367
(C ) (e) (f)
Figure 7.9.1 Shows the microstructure o f the undeformed solution heat treated Alloy 
718. (a) IPF figure o f the undeformed material microstructure and grain morphology, 
(b) Crystal orientations in Euler angle, (c) Special Coincidence site lattice (CSL) 
GBs (GB misorientations E less than 29°) o f the undeformed microstructure and the 
corresponding statistics in figure (d). (d) GB CSL (c.f. Table 7.9. for corresponding 
percentages), (e) SEM back scattering electron (BSE) image showing the 
undeformed microstructure.
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Figure 7.9.2 (a) Results o f the slow strain rate test o f solution heat treated superalloy 
Alloy 718 tested in air and with 4 hours and 16 hours in-situ hydrogen charging 
condition at two different cross head speeds o f 10” s '1 and 10’4 s’1, (b) and (c) show 
the hydrogen embrittlement effects o f hydrogen charging times and strain rates 
where (b) shows ultimate tensile strength and (c) shows total percentage elongation 
to fracture, (d ) The effect o f hydrogen charging time on the hydrogen embrittlement 
ratio.
As shown in figure 7.9.2 (a) the measured UTS values for hydrogen charged 
specimens were significantly lower compared to the specimen tested in air. Ductility
3 1 -4 1was also reduced when decreasing the strain rate from 10’ s’ to 10’ s’ for the 
hydrogen charged specimens. In terms o f strain, the UTS values measured for 
samples tested with 16 hours hydrogen charging, 4 hours hydrogen charging and 
without hydrogen charging (i.e. tested in air) occurred at engineering strains of 
-37.5% , -39%  and -45 .5%  respectively for a strain rate o f 10° s’1. For a strain rate
4 110’ s' the UTS o f samples tested with 16 hours and 4 hours o f hydrogen charging 
occurred at engineering strains o f -17.5%  and -23%  respectively. The curves show 
that sample failure begins at lower strains in the hydrogen charged specimens 
compared to the specimen tested in air. The increase in charging time increases the 
uptake o f hydrogen in the samples and decreases ductility. The strain from UTS to
• 3 1 • •failure in the non-hydrogen charged sample tested at strain rate 10’ s’ is -6% , which 
is greater than the equivalent strain in the hydrogen charged specimen tested at 10° s’
1 o f -2% . Figure 7.9.2 (b) shows the UTS o f specimens tested with and without 
hydrogen charging for two different strain rates. These results illustrate the effects o f 
various parameters on HE.
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Hydrogen charging time, for the same strain rate, did not significantly alter 
measured UTS values. However, the specimens charged for 4 hours tested at strain 
rates of 10'3 s' 1 and 10'4 s' 1 showed a significant drop in UTS for the material tested 
at the lower strain rate. This is attributed to the increase in testing time for the strain 
rate of 10*4 s"1. This would increase the time for hydrogen trapping at dislocations, 
which raises the local stress and this (i) increases local hydrogen diffusion further 
and (ii) leads to increased dislocation movement. This deformation also leads to 
incompatibility stresses along grain boundaries arising from elastic and plastic 
crystal anisotropy as a function of grain boundary misorientations. This dilatational 
mismatch between crystals generates further dislocation motion and also increases 
the mobility and segregation of hydrogen to trap sites (mainly intergranular) as 
previously reported [Wilcox et al., 1965, Mills et al., 1999]. Segregation of hydrogen 
atoms occurs preferentially at trap sites along highly stressed tensile regions and high 
stress gradient regions. For longer test durations these hydrogen induced effects are 
more significant leading to greater embrittlement and lower UTS values for tests 
extending over longer times, in this case 1 0 -4 s'1.
The strain to failure is used to assess the hydrogen embrittlement resistance as 
shown in figure 7.9.2 (c). Failure strains for samples tested with 16 hours hydrogen 
charging, 4 hours hydrogen charging and without hydrogen charging were -39.5%,
o  1
-42% and -52% respectively for a strain rate of 1 O' s' . Failure strains for samples 
tested by 16 hours and 4 hours hydrogen charging were -27.5% and -21.5% 
respectively for a strain rate of 10'4 s'1. The increase in hydrogen charging time 
increases the total amount of hydrogen uptake which decreases plastic flow. This 
reduces ductility leading to a more brittle failure.
Figure 7.9.2 (d) shows the percentage hydrogen embrittlement ratio (HER) of
'X 1the hydrogen charged specimens tested at a strain rate of 10' s' . The percentage 
hydrogen embrittlement ratio (HER) is a measure of the susceptibility of metallic 
materials to hydrogen embrittlement. Lower HER values imply lower susceptibility 
to HE. The HER value (units: %) is calculated using equation (7.9.1).
H E R  =  f ‘ alr-Skydro?en\  x  1 0 Q  ( ?  g
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Figure 7.9.3 Scanning electron microscope (SEM) secondary electron (SE) images of 
fracture surface morphologies along the loading direction (a) samples tested in air, 
(b) & (c) samples tested in the 16 hours pre-charged condition with in-situ hydrogen 
charging during tests at strain rates o f 10‘3 s '1 and 10'4 s '1 respectively, (d) & (e) show 
secondary electron images o f the fracture specimen normal to the loading direction 
o f the sample tested in air (NB No secondary cracks are observed), (e) shows a 
typical ductile fracture mode, (f) & (g) show the fracture specimen tested in the 
hydrogen charging condition normal to the loading direction (NB numerous
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secondary surface cracks are observed perpendicular to the loading direction), (g) 
shows a typical brittle fracture mode in the hydrogen charged sample displaying 
intergranular cracking and indicating triple junctions are more susceptible to 
hydrogen induced cracking and appear to be crack initiation points (dotted red 
circles).
Here e a i r  is the failure strain for a specimen tested in air and s h y d r o g e n  is the failure 
strain of a specimen tested under hydrogen charging conditions.
The results in figure 7.9.2 (d) show the effect of hydrogen in reducing the 
ductility of solution heat treated superalloy Alloy 718 with the longer charging time 
resulting in a higher HER. In summary, the sample without hydrogen is most ductile 
and samples charged with hydrogen display lower failure strains.
Figure 7.9.3 (a) shows the secondary electron (SE) image obtained from SEM 
of the fractured samples of the SSRT test conducted in air. One primary crack has led 
to failure and no secondary cracks were observed in the specimen tested in air. 
Figure 7.9.3 (b) & (c) show the fractured specimens from SSRT tests with 16 hours 
hydrogen pre-charging for strain rates of 10’3 and 10*4 s' 1 respectively. In contrast 
there are many secondary surface and subsurface cracks visible in these specimens. 
The observed secondary cracks are largely perpendicular to the loading direction. 
Larger secondary cracks are observed on the surface of samples tested at strain rate 
10'4 s’1 compared to samples tested at strain rate 10‘3 s’1. A decrease in strain rate 
increases the time duration of the test which will increase the amount and depth of 
hydrogen diffusion into the sample specimen and this corresponds to the amount of 
subsurface cracks observed.
Figures 7.9.3 (d) and (e) show the macro-scale cross section of the fracture 
sample and micro-scale fracture surface of the sample tested in air. Figure 7.9.3 (e) 
shows a typical ductile fracture surface. Figures 7.9.3 (f) and (g) show the fracture 
surface of the specimen tested with 16 hours hydrogen pre-charging at the macro and 
micro scales respectively. The fracture surface shows outer regions of brittle fracture 
and inner regions of ductile fracture. Brittle fracture surfaces were observed near the 
edge of specimen and ductile fracture surfaces were observed towards the centre of 
the specimen.
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Figure 7.9.5 (a) segregation o f carbon atom to the grain boundary in alloy 718 using 
atom probe tomography, (b) micro crack initiation along grain boundary, (c) slip 
traces, micro voids along grain boundaries and strain localization consistent with
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HELP mechanism. The series of schematic diagrams propose hydrogen induced 
localized plastic process arising from slip traces based on HELP mechanism, (d) 
shows the relationship between slip traces (red lines) and intergranular region (black 
lines), (e) shows the segregation of hydrogen clusters (black open circles) on slip 
lines, (f) shows the formation of micro voids (black filled circles) on the hydrogen 
clusters forming at slip band sites, (g) shows the developing high pressure stresses 
around void edges (grey circles around black filled circles), (h) trapping of hydrogen 
(H-symbols) around micro-voids due to tensile stresses and the high gradient of 
pressure perpendicular to the loading direction, (i) Crack initiation at triple junctions 
and/or near larger micro-void edge regions perpendicular to the traction direction, 
propagating by coalescence of micro-voids along intergranular regions due to the 
increase in pressure in micro voids.
Considering the diffusivity of hydrogen in the alloy, there is not enough time for 
hydrogen to fully diffuse to the centre of the specimen. Thus central regions of the 
specimen fracture in a ductile mode. The fractography secondary electron (SE) 
images in figure 7.9.3 reveal that the central region of the specimens display ductile 
fracture characteristics whereas and near-surface regions down to a depth of ~1 mm 
display brittle fracture characteristics. The hydrogen induced brittle modes of 
fracture appear to be intergranular supporting the idea that grain boundaries and 
triple junctions are more susceptible to hydrogen induced cracking compared to the 
grain interior lattice.
Figures 7.9.4 (a-c) show a series of fracture surface images at increasing 
magnification. Figure 7.9.4 (a) shows both transgranular and intergranular cracking. 
Most of the crack paths observed are intergranular with only very few transgranular 
cracks. Figures 7.9.4 (b) and (c) show the hydrogen induced transgranular crack 
propagation path. From a previous multi-scale FE stress assisted hydrogen diffusion 
numerical model it was observed that the presence of voids or pores in the grain 
lattice leads to high stress concentrations which act as a driving force for the 
segregation of hydrogen near the edges of these voids, perpendicular to the traction 
direction. This leads to crack initiation at the edges of the void and these cracks 
propagate in a transgranular manner.
The numerical model mentioned above is a microstructural coupled multi­
scale FE model and multi-scale FE chemo-mechanical analysis of void/pores 
microstructures.
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Figure 7.9.6 Schematic illustration o f possible pore/void dependent hydrogen 
induced transgranular cracking in polycrystalline alloy 718. (a) Polycrystalline 
material with micro-pores before transgranular cracking, (b) Stress concentration 
greater perpendicular to the traction direction as opposed to parallel, (c) The tensile 
stress concentrations around deformed pores/voids increases the mobility o f 
hydrogen atoms which become trapped in these tensile stress concentration sites. The
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amount o f trapped hydrogen will be greater in near void regions perpendicular to 
loading direction, (d) Illustrates a proposed model o f a transgranular crack initiation 
site and two stage propagation path.
L o a d in g  d i rec t io n
Figure 7.9.7 EBSD results for uncharged SSRT fractured specimen, (a) 
Crystallographic orientation and IPF image in loading direction, (b) Local 
misorientation map and colour contour (red colour regions have the largest 
misorientations and blue colour regions the smallest).
A simulation using this model is shown in figures 7.9.4 (d) and (e). Figure 7.9.4 (d) 
shows the predicted stress field in a representative 2D micro-scale region containing 
pre-existing voids in the microstructure. In this figure tensile stresses at void surfaces 
perpendicular to the loading direction are formed. Figure 7.9.4 (e) shows the 
predicted hydrogen segregation occurring preferentially in these same regions o f 
tensile stress. Regions under high tensile stress possessing higher hydrogen 
concentrations would represent likely crack initiation sites. Tensile stresses around 
voids/pores could act as a mechanism to drive pore growth through the crystal lattice 
forming transgranular cracks and promoting the type o f failure shown in figures 7.9.4 
(b) and (c).
Figure 7.9.4 (f) and (g) show an intergranular crack propagation path (with 
slip traces, some highlighted with white dotted lines) and the presence o f carbides in 
the crack path. The two black arrows figure 7.9.4 (f) show two different slip systems 
acting across a grain boundary very similar to previous observations in pure nickel 
(Martin et al., 2012).
Figure 7.9.4 (g) shows a magnified view o f slip traces on a fracture surface 
on an intergranular crack propagation path. The majority o f the crack propagates 
along the intergranular region where hydrogen trapping will be greater indicating that
169
the intergranular region and voids are the preferential sites for hydrogen trapping 
when compared to lattice sites. Intergranular sites provide routes o f higher hydrogen 
mobility as they are a lower energy barrier to hydrogen diffusion and would possess 
lower activation energy o f hydrogen desorption compared to hydrogen lattice sites. 
Such segregation and trapping o f hydrogen along grain boundaries has previously 
been observed using secondary ion mass spectroscopy (SIMS) for hydrogen 
diffusion in pure nickel (Fukushma et al., 1984, Ladna et al., 1987). The slip traces 
on both sides o f two crystals intersecting across grain boundary means the presence 
o f dislocations that can also act as trapping sites for hydrogen. This causes 
intergranular plasticity leading to intergranular brittle cracking often referred to as 
the hydrogen enhanced localized plasticity (HELP) mechanism o f hydrogen 
embrittlement.
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Figure 7.9.8 (a) Shows the in-suit hydrogen charged SSRT tested fractured specimen, 
(b) shows the EBSD map overlaid on SEM micrograph, (c) shows the local 
misorientation map and its colour contour, (d) shows the crystallographic orientation 
and its IPF image on LD and (e) shows the closer view near crack region and it Euler 
angle and (f) shows the effect of grain boundary character distribution in the form of 
hydrogen induced crack path, (g) Close up view and (h) Close up view of local 
misorientation.
All these of these features demonstrate the occurrence of plastic processes and slip 
localization as the micro-mechanism of hydrogen induced intergranular 
embrittlement in alloy 718.
Figure 7.9.4 (g) also shows the segregation of carbides in the intergranular 
region. Segregation of carbon atoms at grain boundaries in alloy 718 were observed 
in atomic scale investigations using atom probe tomography (APT) as shown in 
figure 7.9.5 (a). It has been previously reported that carbon at grain 
boundaries/micro-cracks combining with hydrogen to form methane, equation 7.9.2, 
enhances micro-crack initiation along grain boundaries.
Void formation along intergranular interfaces can be seen in figure 7.9.5 (b). 
It has also been previously reported that segregation of impurity atoms also induces 
intergranular hydrogen embrittlement in a nickel based superalloy (Byun et al., 2003, 
Ladnaetal., 1987).
2H2 + C = CH4 (7.9.2)
Figure 7.9.5 (c) shows hydrogen assisted crack initiation and a slip band 
system consistent with intergranular strain localization and the HELP mechanism. 
The slip bands on intergranular regions were enhanced by hydrogen uptake due to 
high stress concentrations. Clusters of hydrogen atoms can form on intergranular slip 
bands particularly at vacancies. Increasing the density of vacancies eventually leads 
to the formation of micro-voids along the intergranular region. The formation of 
micro-voids increases the internal gas pressure within voids due to the formation of 
molecular hydrogen. High hydrostatic tensile stresses around voids act as a driving 
force to increase the diffusion of hydrogen towards the void with a higher 
concentration of hydrogen atoms becoming trapped near the micro-void edges 
perpendicular to the loading direction. These pressure stresses depend on the
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size/area of the micro-voids. The intergranular trapped hydrogen softens the 
intergranular region by decreasing the cohesive energy between lattice atoms near 
the grain boundary. This leads to micro-void expansion and merging together and 
coarsening of neighbouring micro-voids. Growth of micro-voids on the slip lines in 
the intergranular region may initiate cracks at triple junctions and/or larger micro­
void sites, propagating along intergranular regions. This proposed mechanism is 
illustrated schematically in figures 7.9.5 (d-i).
Combining experimental and numerical results a schematic model is 
proposed (figure 7.9.6) for a mechanism for hydrogen induced transgranular cracking 
based on micro-void crack growth. The edges of deformed micro-voids 
perpendicular to the loading direction in the crystal lattice act as preferential sites for 
transgranular crack initiation. Initially a Stage 1 crack propagates by the formation 
and coalescence of voids. At a certain crack length Stage 2 propagation occurs driven 
towards intergranular regions where the lattice will be more disordered and there will 
be higher concentrations of hydrogen.
The main aim of this EBSD investigation is to understand relationships 
between GB misorientation and hydrogen induced intergranular crack nucleation and 
propagation in alloy 718. In this study, IHE cracking is classified based on grain 
boundary character distribution (GBCD) as defined by GB misorientation angles 
(irrespective of axis plane). Five different types are described below
(1) Low angle GB misorientations (LAM) ( 0° < 0 < 15°)
(2) Low end High angle GB misorientation (LHAM) ( 15 ° <0 <3 5 ° )
(3) Critical High angle GB misorientation (CHAM) ( 35° < 0 < 50° )
(4) High end High angle GB misorientation (HHAM) ( 5O° < 0 <5 5 ° )
(5) Special GB misorientation (SGB) ( 55° < 0)
Detailed information relating the coincidence site lattice (CSL) grain 
boundary characteristics (GBC), triple junction connectivity CSL GB and TJ 
character on IHE crack nucleation and propagation. The uncharged and hydrogen 
charged fractured specimen micro structures on the wider face of the gauge length 
section parallel to the loading direction were examined as shown in figures 7.9.7 and 
7.9.8 respectively. EBSD scans were performed in the vicinity of the micro-crack 
front over areas of 490 x 367 pm and 153 x 114 pm on uncharged and charged 
specimens respectively. Figures 7.9.7 (a) and (b) show the uncharged fractured
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specimen indicating that preferential crack propagation was transgranular and no 
sub-cracks were observed. A crystallographic orientation map and IPF is shown in 
figure 7.9.7 (a). Figure 7.9.7 (b) shows the local misorientation map (with red 
regions having the high levels of local misorientation and blue regions having lower 
amounts) where local misorientations are higher along the fracture path due to the 
higher local deformation and fracture is mostly transgranular.
Figure 7.9.8 (a) shows the in-situ hydrogen charged SSRT tested fractured 
specimen, figure 7.9.8 (b) shows the EBSD map overlaid on the SEM micrograph, 
figure 7.9.8 (c) shows the local misorientation map. Figure 7.9.8 (b) shows that 
preferential crack propagation for an in-situ hydrogen charged SSRT tested specimen 
was intergranular with many macroscopic sub-cracks observed perpendicular to the 
loading direction and a few micro cracks observed parallel to the loading direction. 
High local misorientations are observed in the intergranular cracked region. 
Considering figures 7.9.8 (a-c) it is clear that grain boundaries and triple junctions 
have been deformed more than the internal crystal lattice. Figure 7.9.8 (d) shows the 
crystallographic orientation and IPF image. Intergranular cracks are mostly 
perpendicular to the loading direction. Figure 7.9.8 (e) shows a magnified view of a 
region near a sub-crack with Euler angles. Figure 7.9.8 (f-h) can be used to attempt 
to understand the effect of grain boundary character distribution on intergranular 
hydrogen embrittlement. These results show that the cracks are intergranular with 
CHAM-type regions observed along the crack path. Also some likely crack 
nucleation points can be identified at triple junctions with CHAM-CHAM-SGB and 
CHAM-CHAM-CHAM connectivities. It has previously been observed in 
experimental studies and numerical modelling that certain types of TJ are more 
susceptible to HE and therefore more likely to provide crack nucleation points 
(Koyama et al., 2013, Chen et al., 2000, Meyers et al., 2009).
An attempt was made to quantify the effect of GB misorientation 
characteristics and triple junction characteristics on hydrogen induced intergranular 
cracking. Hydrogen induced intergranular cracks were observed at 103 grain 
boundaries. 58.3% of these grain boundaries within cracks were CHAM, 35% were 
LHAM, 4.9% were HHAM and 1.9% was SGB. This data is summarised in figure 
7.9.9. Interestingly, no intergranular cracks were associated with LAM. Thus LAM, 
HHAM and SGB are the types of GB misorientations where few or no hydrogen 
induced cracks were observed.
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Figure 7.9.9 Relationship between GBC and observed frequencies o f hydrogen 
induced intergranular cracking.
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Figure 7.9.10 Relationship between the observed frequencies o f hydrogen induced 
cracking/intergranular hydrogen embrittlement and TJC.
This is attributed to the lower stress concentrations and lower hydrogen trapping 
characteristics o f these types compared to LFIAM and CHAM. These results are also
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consistent with previous numerical model findings for a bi-crystal pure nickel 
investigation. During testing localized stress concentrations in the microstructure will 
arise due to crystal anisotropy. Tensile stresses are accumulated on CHAM and 
LHAM regions which act as a driving force for hydrogen atoms to form in more 
concentrated clusters preferentially along CHAM and LHAM regions compared to 
other sites. Hydrogen trapping in CHAM and LHAM regions reduces the ductility 
and plastic flow along these grain boundaries due to a reduction in cohesive energy. 
Once the trapped hydrogen in the CHAM and LHAM exceeds a critical value it 
results in intergranular hydrogen embrittlement. This behaviour was previously 
reported in electrodeposited annealed nickel with a combination of multi-scale 
microstructural modelling and experimental observation. In total 93.3% of hydrogen 
induced intergranular cracks were observed in CHAM/LHAM boundaries indicating 
that these types of boundary are the most susceptible sites for hydrogen induced 
cracking in superalloy 718. This is attributed to a decrease in plastic flow which 
enhances the localization slip along the intergranular region leading to reduced 
intergranular ductility resulting in intergranular localized plasticity/intergranular 
embrittlement. These results also suggest that LAM, HHAM and SGB grain 
boundary misorientations are effectively more resistant to intergranular hydrogen 
embrittlement with the LAM GB misorientation having the greatest resistance in the 
nickel based superalloy 718.
Based on this observation, GB types are now categorised into two types, resistant (R- 
type) and susceptible (S-type), as given below.
• R-type: HIC/IHE Resistant GB type GBCs = LAM, HHAM, SGB
• S-type: HIC/IHE Susceptible GB type GBCs = LHAM, CHAM
With this definition triple junction connectivity (TJC) can be classified into four 
different types depending on the possible combinations of R- and S-types at the 
junction.
1. TJO type TJC with zero resistant GBCs connectivity = S-S-S
2. TJ1 type TJC with one resistant GBCs connectivity = S-S-R
3. TJ2 type TJC with two resistant GBCs connectivity = S-R-R
4. TJ3 type TJC with three resistant GBCs connectivity = R-R-R
It has been previously reported that triple junctions play a significant role in 
hydrogen diffusion and hydrogen induced cracking (Chen et al., 2000). Now we
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consider the effect of TJC on HIC in alloy 718. Figure 7.9.10 shows the relationship 
between HIC and TJC. The HIC data were taken from 62 different TJs. 51.6% of 
hydrogen induced TJ cracks were detected at TJO-type triple junctions. 40.3% and 
8.1% of TJ cracks were observed at TJl-type and TJ2-type TJCs respectively. No 
cracks were observed at TJ3-type triple junctions. This indicates that TJs containing 
the more susceptible GBC connectivity, such as TJO-type and TJl-type, are more 
likely sites for hydrogen induced cracking. TJ3-type TJs appear to be much more 
resistant to hydrogen induced cracking. Thus hydrogen induced cracking at triple 
junctions strongly depends on the nature of the triple junction connectivity.
7.9.2 Discussion
Transgranular hydrogen induced cracking can be controlled by reducing the 
formation of micro-voids/pores in the crystal lattice during manufacturing. One way 
of controlling intergranular hydrogen embrittlement is by reducing the segregation of 
carbon atoms along the intergranular region. As reported previously, this can be 
achieved by adding small amounts of elements such as titanium, niobium and 
vanadium. Reducing the segregation of carbon atoms along the intergranular region 
should enhance the ductility and reduce the susceptibility of intergranular hydrogen 
induced cracking in polycrystalline alloy 718.
Another possibility is grain boundary engineering. Watanabe et al. introduced 
the concept of grain boundary engineering and design three decades ago to improve 
the ductility of material (Watanabe, 1984). Grain boundary engineering often 
involves low temperature heat treatment to induce limited grain growth and 
rearrangement of grain boundaries. Palumbo et al. have used grain boundary 
engineering to improve intergranular stress corrosion cracking resistance [166, 181- 
183], Watanabe et al. used a GBE approach to control heat affected zone liquation 
cracking in superalloys and other workers have used GBE design and control to 
improve material performance [121,176, 181-183, 189]. The author is unaware of 
such treatments being applied specifically to improve hydrogen embrittlement 
susceptibility in alloys.
From the results described in this section it seems clear which grain boundary 
misorientations and triple junction types are more or less susceptible to hydrogen
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induced problems. This strongly suggests that grain boundary engineering 
approaches would be an interesting area for future study for alloy 718.
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7.10 Hydrogen Embrittlement in Pulse Plated Nickel
In order to understand the hydrogen embrittlement in Ariane 5 combustion 
chamber ex-situ hydrogen charged SSRTs were conducted on established grade 1 
and newly developed grade 2 PP-Ni materials. Fracture specimens where analysed, 
using SEM, to investigate the micro-mechanisms of hydrogen induced cracking.
7.10.1 Experimental results
Two different grades of PP-Ni were manufactured using electrodeposition 
pulse plated techniques by AIRBUS Defence & Space. (Note: Dimensions of 
samples are reported in chapter section 4.4. The detailed characterization of grade 2 
microstructures and grade 1 microstructures using EBSD analysis is shown in 
sections 7.4 and 7.11 respectively). TDA analysis was done on as-received grade 1 
and 2 PP-Ni materials to determine hydrogen content as shown in figure 7.10.1. This 
shows that the amount of hydrogen present in grade 2 PP-Ni is higher than grade 1 
PP-Ni. It also shows that the trapped hydrogen starts being released from the material 
at 158°C and the hydrogen atoms are completely effused from the material at 358°C 
and 372°C for grade 2 and grade 1 respectively. Hydrogen charging was performed 
for 72 hours at 90°C as explained in section 4.4. The charged samples were also 
analysed using TDA and results are shown in figure 7.10.2. This experimental result 
reveals the presence of diffusible hydrogen content in grade 1 and grade 2 PP-Ni i.e.
72.1 wt.ppm and 82.7 wt.ppm respectively. The increase in diffusion of hydrogen in 
grade 2 compared to grades is simply explained by the computational simulation and 
EBSD experimental results shown in section 7.2 and 7.4 respectively. Hydrogen 
diffusion in smaller/nano/ultrafine grains is faster and grade 2 PP-Ni possesses such 
clusters of ultrafine grains compared to grade 1. The slow strain rate tests were 
carried out at strain rate 10'5 s'1 at room temperature on grade 1 and grade 2 
uncharged PP-Ni specimens (i.e. as-received) and grade 1 and grade 2 charged PP-Ni 
specimens. The engineering stress-strain curves for these specimens are shown in 
figure 7.10.3. Figure 7.10.4 clearly demonstrates the effects of hydrogen charging on 
hydrogen embrittlement and the differences between grades 1 and 2.
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Figure 7.10.1 TDA results showing the amount o f hydrogen present in grades 1 and 2 
uncharged specimens.
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Figure 7.10.2 TDA results showing the amount o f hydrogen present in grades 1 and 2 
charged specimens.
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Figure 7 .10.3 Engineering stress-strain curves with and without hydrogen pre­
charging for grade l and grade 2 pulse plated nickel specimens (uncharged = UC and 
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Figure 7.10.4 The effect o f hydrogen charging on UTS.
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Figure 7.10.5 The effect o f hydrogen on strain to failure.
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Figure 7.10.6 SEM Fractography results o f fracture surface o f uncharged grade 1 PP- 
Ni specimen.
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Figure 7.10.7 SEM Fractography results shows o f fracture surface o f charged grade 1 
PP-Ni specimen.
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The presence of hydrogen in the PP-Ni decreases the ultimate tensile strength 
(UTS) of the material. As the author predicted in chapter section 7.1 to 7.6 using 
multi-scale modelling, microstructure affects hydrogen embrittlement and this 
experimental result supports the model predictions. Figure 7.10.5 shows the effect of 
hydrogen on strain to failure. This shows that the increases in the fraction of pores in 
grade 1 PP-Ni both reduces the UTS and decreases the strain to failure. Figure 7.10.6 
and figure 7.10.7 shows SEM fractography images observed on the fracture surface 
of the uncharged grade 1 PP-Ni specimen and the charged grade 1 PP-Ni specimen 
respectively. These clearly show the effects of hydrogen on grade 1 PP-Ni. The 
uncharged grade 1 specimen seems to be more ductile than the charged specimen. 
Figure 7.10.7 shows that the hydrogen segregates along column boundaries, 
degrading the ductility of column boundaries leading to intercolumnar hydrogen 
induced failure and intercolumnar hydrogen embrittlement. Thus column boundaries 
appear more prone to hydrogen induced cracking. Figures 7.10.8 and 7.10.9 show 
SEM fractography images observed on the surface of the uncharged grade 2 PP-Ni 
specimens and charged grade 2 PP-Ni specimens respectively. This also shows that 
uncharged specimens are more ductile than charged specimens. The charged 
specimens display intercolumnar hydrogen induced cracking with very few trans- 
columnar hydrogen induced cracks present due greater amounts of hydrogen 
segregated along column boundaries compared to segregation of hydrogen atoms 
around ultrafine grain clusters. This is confirmed by the high resolution scanning 
Kelvin probe force microscopy (SKPFM) results shown in figure 7.10.10. (NB 
SKPFM experiments are beyond the scope of this work but further detailed analysis 
in this area is a future focus for the author.) Figure 7.10.10 shows greater amounts of 
hydrogen atoms are segregated along column boundaries when compared to the 
ultrafine grain clusters.
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Figure 7.10.8 SEM Fractography analysis results shows the images observed on 
fracture surface o f uncharged grade 2 PP-Ni specimen.
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Figure 7.10.9 SEM Fractography analysis results shows the images observed on 
fracture surface o f charged grade 2 PP-Ni specimen.
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Figure 7.10.10 SKPFM results along the growth direction (GD) and perpendicular to 
the growth direction (TD) for grade 2 PP-Ni.
7.10.2 Discussion
The established grade 1 PP-Ni material is more susceptible to hydrogen 
induced cracking and hydrogen embrittlement compared to the newly developed 
grade 2 material. Increases in pore fractions along columnar grain boundaries leads 
to hydrogen induced columnar cracking in grade 1 PP-Ni. Decreases in the fraction 
o f pores/voids in grade 2 coupled with increases in the fraction o f ultrafine nano 
grains have the effect o f decreasing the susceptibility to hydrogen embrittlement. The 
ductility o f grade 2 PP-Ni could be increased by reducing the amount o f column 
boundaries, reducing the thickness o f  column boundaries and reducing the amount o f 
voids along the column boundaries since these column boundaries and voids on these 
columnar boundaries are acting as deep traps for hydrogen atoms.
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7.11 Weldability test of Ariane 5 combustion cham ber Pulse Plated Nickel
7.11.1 Experimental results
In this section the three different grades o f PP-Ni microstructures are 
characterized using EBSD analysis. Grain boundary character is categorised as 
follows:
• Special 13 twin boundaries are defined as 13 grain boundaries.
• Coincidence site lattice (CSL) boundaries with I  < 11 other than £3 twin 
boundary were defined as special coincidence site lattice (SCSL) grain 
boundaries.
• Grain boundary misorientations 50° < 0 < 62° other than 13 & 111 were 
defined as special random grain boundary (SRGB)
• All other grain boundaries were defined as random grain boundary (RGB).
Figure 7.11.1 shows the EBSD results o f different grades o f pulse plated nickel. The 
GBCD and 13 special grain boundary fractions are calculated for the three different 
grades o f PP-Ni and plotted in figure 7.11.2. Only very small amounts o f 13 grain 
boundary fractions were observed in grade 1, twice as many were observed in grade 
2 and twice as many again in grade 3. There is also a decrease in random grain 
boundaries (RGB) from grade 1 to grade 3.
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Figure 7.11.1 EBSD results for three different grades o f pulse plated nickel (gradel 
and grade 3 left and right columns respectively), (a) Perpendicular to growth
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direction (TD). (b) TD GBCD (c) In growth direction (GD). (d) GD GBCD. (e) 
Inverse pole figure (IPF). (f) GBCD colour contours, (g) Crystal orientations of 
grade 2 along TD. (h) Crystal orientations o f grade 2 along GD. (i) and (j) show the 
GBCD o f grade 2 along TD and GD respectively.
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Figure 7.11.2 shows the calculated results, (a) S3 grain boundary fractions on three 
different grades o f pulse plated nickel along TD. (b) GBCD along GD and TD on 
three different grades o f pulse plated nickel using EBSD analysis. Note: RGD is 
random grain boundaries.
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Figure 7.11.3 Varestraint test results for three different grades o f pulse plated nickel 
with and without hydrogen charging (U=uncharged and C=hydrogen charged 
specimens).
Figure 7.11.4 Results o f weldability tested uncharged pulse plated nickel specimen 
between three different grades o f material.
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Figure 7.11.5 Weldability tested fractured specimens (a) grade 1 without hydrogen 
charging (top left) and with hydrogen charging (bottom left), (b) Grade 2 (bottom 
right) and grade 3 (top right) both with hydrogen charging.
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Figure 7.11.6 TCL for different strains (%) for three different grades o f PP-Ni 
material with and without hydrogen charging.
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As noted in the chapter 4, section 4.6 Varestraint tests were performed to 
evaluate the susceptibility to weld cracking of three different grade PPNi materials. 
The Varestraint test results are presented in terms of average total crack length (i.e. 
the sum of each crack measured on the surface of individual test specimens) for three 
different augmented strain specimens of uncharged PP-Ni and also on two different 
augmented strain specimens of hydrogen charged samples. These results are plotted 
in figure 7.11.3. The macroscopic images of the Varestraint tested specimens can be 
found in figures 7.11.4 and 7.11.5.
7.11.2 Discussion
The total crack length, (TCL), measured on various augmented strain tests 
with and without hydrogen charging is shown in figure 7.11.6. These results show 
that grade 1 failed catastrophically and is more susceptible to cracking than grades 2 
and 3. The newly developed grade 2 was less susceptible to cracking than grade 1 
PP-Ni material but more susceptible to cracking than grade 3 PP-Ni material. This 
also shows that hydrogen charged PP-Ni specimens are more susceptible to cracking 
when compared to uncharged grades of PP-Ni. Moreover, the newly developed grade 
3 material attains a maximum TCL at about 3% strain. Above this 3% augmented 
strain there were no significant increase in TCL. The better cracking resistance of 
newly developed grades 2 and 3 PP-Ni can be explained as follows
(i) An increase in E3 boundaries and SCSL special grain boundaries with
a decrease in random grain boundaries (RGB) as shown in figure
7.11.2. (It has been previously reported that increases in Z3 special
grain boundary fraction increases the crack resistance in nickel 
[Palumbo et al., 1990,1997] and decreases the susceptibility of 
intergranular hydrogen embrittlement in conventional 
electrodeposited nickel [Bechtle et al., 2009].
(ii) A decrease in the number of micro pores (c.f. figure 7.11.7 SEM
characterization results show larger micro pores and a higher fraction 
of micro pores in grade 1, a very small fraction of micro-pores in 
grade 2 and no micro pores observed in grade 3).
197
(iii) Fractography analysis on the Varestraint tested grade 3 specimen 
fracture surface in the base metal and heat affected zone (HAZ) using 
SEM as shown in figure 7.11.8 and figure 7.11.9.
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198
Grade 1
7*W ‘M  Ka** 3^  • j M  1 '* > 1 : * N S ‘ i  f c ?  - JP R  ** -;
s.^(W' -W h 4 j P i *  ^ J v  i v > *  ■• •«"* •  ^ W v A #  t  1W*.
■
^  '
• •  . 1 •
A cc V SpntM agn Det WD |----------------------------1 5  f.m\
0.0 kV A 0 5000x BSE 9.9 College of Eng, S w ansea Uni
Grade 2
• i
Figure 7.11.7 SEM image showing micro-pores in different grades o f  PP-Ni.
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Fractography observations done on Varestraint tested uncharged fractured 
specimen grade 1 PP-Ni base metal (BM) are shown in figure 7.11.8. Figure 7.11.9 
shows the fractography image of Varestraint tested hydrogen charged fractured 
specimen grade 1 PP-Ni base metal. These observations reveal that the grade 1 PP- 
Ni based material fractured along columnar grain boundaries and thus columnar 
boundaries are prone to cracking. This also reveals that hydrogen atoms segregate 
along columnar grain boundaries making these interfaces brittle. Figure 7.11.10 
shows recrystallized grains (in the heat affected zone) and columnar grains in the 
base metal in the uncharged specimen. Figure 7.11.11 shows the SEM fractography 
image of Varestraint tested fractured specimen for uncharged grade 1 PP-Ni in the 
HAZ. This shows that in the HAZ recrystallization occurs producing smaller 
polygonal grains and these recrystallized HAZ grains are prone to crack initiation 
leading to crack propagation causing intergranular HAZ cracking as shown in figure 
7.11.11. Figure 7.11.12 shows the SEM fractography image of Varestraint tested 
charged fractured specimen of grade 1 PP-Ni in the HAZ.
Temperature differences during welding in the BM, HAZ and weldment 
produce varying thermal tensile and compressive stresses in the longitudinal, 
transverse and depth directions of the specimen. The difference in temperature and 
stress profiles develops differences in the diffusion of hydrogen and nickel atoms. 
The difference in diffusion rates between nickel and hydrogen atoms and the motion 
of grain boundaries may lead to void formation due to the Kirkendall effect on 
recrystallized grain boundaries in the HAZ as shown in figure 7.11.12.
It is well know that increasing temperature and stress will increase the 
diffusivities of nickel and hydrogen. It is also reported by author in sections 7.1 to 
7.4 that differences in grain size, grain boundaries and local microstructure affects 
the diffusion of hydrogen. These voids/pores in the HAZ act as sinks for vacancies 
which also act as traps for hydrogen leading to the formation of hydrogen molecules. 
These hydrogen molecules may react with carbon to form methane. Methane gas in 
pores/voids increases the pressure. Increases in temperature and thermal stress due to 
welding may thus form micro-cracks on grain boundaries leading to intergranular 
hydrogen induced cracking in the HAZ.
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Figure 7.11.8 SEM fractography image o f Varestraint tested uncharged fractured 
specimen grade 1 PP-Ni in the base metal.
Figure 7.11.9 SEM fractography image o f Varestraint tested hydrogen charged 
fractured specimen grade 1 PP-Ni in the base metal.
Figure 7.11.10 Recrystallized grains and columnar grains on the Varestraint tested 
uncharged fractured specimen grade 1 PP-Ni.
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Figure 7.11.11 SEM fractography image o f Varestraint tested uncharged fractured 
specimen grade 1 PP-Ni in the FIAZ.
203
204
205
Figure 7.11.12 SEM fractography image o f  Varestraint tested hydrogen charged 
fractured specimen grade 1 PP-Ni in the HAZ.
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CONCLUSIONS
Simply determining that hydrogen induced cracking and other forms of 
hydrogen embrittlement and weldability failure is a problem, is of no particular help 
to the aerospace industries unless recommendations to avoid such failures in future 
aerospace applications are provided. In this research thesis the effect of 
microstructural features on various aspects of hydrogen embrittlement have been 
determined using multiscale modelling and experimental techniques. The 
phenomenological and quantitative explanation of hydrogen induced failure process 
that has been acquired permits several recommendations that may help to reduce the 
susceptibility of aerospace components made of pulse plated nickel and nickel based 
super alloy 718 to various forms of hydrogen induced failure.
Conclusions are as follows
•  Investigation of hydrogen transport in polycrystalline intergranular and 
intragranular regions is critical for establishing the relationship between 
microstructures and effective hydrogen diffusion properties. A multiscale 
approach was adopted to investigate the influences of numerous intergranular and
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intragranular microstructures to quantify effective hydrogen diffusivity. Good 
correlation between analytical, experimental and computational results was 
demonstrated. Decreasing grain size and increasing grain boundary fractions in 
polycrystalline nickel increases effective hydrogen diffusivity.
•  The present study shows that hydrogen diffusion in intergranular grain boundary 
regions becomes increasingly important as the grain size of the material 
decreases to the nano crystalline scale. For heterogeneous polycrystalline 
materials, containing micro and nano scale microstructures, the intergranular 
phase plays an important role and cannot be ignored. The complex hydrogen 
diffusion mechanisms occurring in these intergranular microstructural phases 
were successfully modelled by capturing grain size effects in polycrystalline 
materials.
•  Hydrogen diffusion in conventional electrodeposited and pulse plated nickel is 
enhanced when;
S  grain sizes are smaller,
S  the volume fraction of grain boundaries and triple junctions increases,
S  the thickness of the grain boundary affected zone increases,
S  triple junctions change shape from ‘sharp comer’ to ‘round comer’,
S  fine nano grains are present in triple junctions.
• The presence of pores/voids slows down the bulk diffusion of hydrogen in 
polycrystalline nickel material and these pores/voids may also act as trap sites for 
hydrogen atoms/molecules. Hydrogen segregation is high in pores/voids.
• Decreasing the fraction of pores increases the resistivity to hydrogen 
embrittlement in nickel and nickel based super alloy 718.
• Material characterization using SEM/EBSD/OIM of different grades of Ariane 5 
combustion chamber pulse plated nickel reveals that grade 1 PP-Ni has a high 
fraction of pores/void. It also has a lower fraction of special grain boundaries 
such as S3 grain boundaries when compared to newly developed grade 2 and 
grade 3 PP-Ni materials. Clusters of ultrafine grains have been observed in grade 
2 PP-Ni which increases the resistivity to hydrogen embrittlement.
• Grade 2 and grade 3 are more resistant to hydrogen embrittlement compared to 
grade 1 PP-Ni.
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•  A microstructural FE computational technique has been successfully developed 
based on real microstructures from experimental material characterization to 
calculate the intergranular grain boundary diffusivity and bulk isotropic and 
anisotropic diffusivity of hydrogen in both conventional and Ariane 5 
combustion chamber pulse plated nickel material.
•  The multiscale FE calculated grain boundary diffusivity is two orders of 
magnitude higher than the lattice diffusion of hydrogen in nickel. The model 
results are in good agreement with experimental measurements. Understanding 
the intergranular diffusion of hydrogen atoms and bulk effective isotropic and 
anisotropic diffusion of hydrogen aids understanding, control and solution of 
engineering problem such as hydrogen embrittlement. This method could also be 
used to design new polycrystalline materials with improved resistance to material 
degradation and failure.
•  The effective bulk diffusivity of conventional electrodeposited polycrystalline 
nickel was one order of magnitude smaller than the Ariane 5 combustion 
chamber grade 2 PP-Ni material.
•  The effective bulk diffusion of hydrogen in Ariane 5 combustion chamber grade 
2 PP-Ni has been observed to be anisotropic along the three principal directions 
due to structural anisotropy in the microstructure.
• In stress-assisted hydrogen diffusion analyses the dilatational stresses act as a 
driving force during the evolution of the hydrogen distribution. The evolving 
hydrogen distribution varies depending on TGB misorientation angles.
• The stresses and hydrogen distributions in bi-crystal and polycrystalline nickel 
are homogenous for TGB misorientation angles of 0° and 90° and strongly 
heterogeneous for TGB misorientation angles O°<0<9O° under uniform applied 
mechanical loading.
• The types of stress produced (tensile or compressive) depends on the applied 
boundary conditions due to deformation constraints arising from crystal 
misorientations.
• The model results are in agreement with experimental observations, where 
experimentally it is observed that a large amount of hydrogen is trapped in
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regions under tensile stress. Correspondingly, hydrogen trapping is reduced in 
regions of compressive stress.
• Increasing dilatational mismatch along TGBs and near TGBs increases the 
hydrostatic stress based on misorientation angles which leads to increased 
hydrogen segregation. Conversely, decreasing dilatational mismatch decreases 
hydrostatic stress gradients based on misorientation angles leading to decreased 
amounts of hydrogen segregation.
• The maximum segregation of hydrogen concentration depends on the TGB 
misorientation angle. The maximum segregation of hydrogen tends to increase 
for TGB misorientation angles greater than 0° attaining a maximum for a TGB 
misorientation angle of 35°. Segregation subsequently decreases for TGB 
misorientation angles 35°<0<9O° in the bi-crystal and polycrystalline nickel 
model.
• A numerical modelling framework has been demonstrated that allows 
consideration of grain boundary misorientation angles for studying hydrogen 
segregation and thus intergranular hydrogen embrittlement (associated with 
induced tensile stresses) and also the suppression of intergranular hydrogen 
embrittlement (associated with induced compressive stresses).
• The numerical model predicts maximum hydrogen concentrations are 
accumulated on TGBs with misorientation angles ranging between 15°<0<45° 
and minimum hydrogen concentrations are accumulated on the TGB with 
misorientation angles ranging between O°<0<5° and 75°<0<9O°. The model 
therefore predicts that in terms of design TGBs with misorientation angles 
ranging between O°<0<5° and 75°<0<9O° are the preferred microstructures in 
polycrystalline nickel.
• This technique can be used to investigate the importance of GB engineering for 
designing and optimizing polycrystalline nickel materials to help decrease 
hydrogen segregation arising from TGB misorientation angles for specific 
boundary conditions.
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• A coupled micro-macro scale model is presented to analyse hydrogen 
embrittlement of polycrystalline materials that couples the component level 
macroscopic region with the microstructural region. In the microstructural region, 
the heterogeneous microstructures, intragranular and intergranular, are 
geometrically represented. This is a true two-scale technique enabling 
investigation of the hydrogen embrittlement phenomena of heterogeneous 
polycrystalline materials using a single micro-macro critical domain, multiple 
micro-macro critical domains or multiphase heterogeneous micro-macro domains 
including voids, defects, triple junctions and traps. These models also provide a 
route for further coupled multiscale modelling by coupling the micro-meso- 
macro domains depending on the nature of the problem.
• The novel multiscale model represents a tool that can be used in the design stage 
for life prediction in polycrystalline structural materials. It can also be used to 
provide a qualitative understanding of the role of a large number of hydrogen 
embrittlement phenomena such as hydrogen diffusion, aggregation and 
accumulation mechanisms in the microstructure and at the continuum scale. The 
models have the potential to study premature brittle rupture or catastrophic 
intergranular hydrogen embrittlement problems that cannot easily treated by 
either fully microstructural models or existing macrostructural models.
• Other conclusions drawn from the model include:
S  Stresses developed in the polycrystalline nickel microstructure are 
inhomogeneous, even though the applied stress is uniform. In the model this 
is due to the anisotropic mechanical response at the microstructural or grain 
level.
S  Stresses in the grain boundary affected zone can be significant depending on 
the relative orientation of neighbouring grains.
S  Different levels of hydrogen accumulation at grain boundaries and triple 
junctions are also predicted by the model. The orientation of neighbouring 
grains and grain boundary angles relative to the applied load gives rise to 
either tensile or compressive local stresses. It is these local tensile or 
compressive stresses that determine whether higher or lower local hydrogen 
accumulation occurs. This highlights the importance of such microstructural 
features in hydrogen embrittlement.
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S  Hydrogen accumulation in the microstructure is heterogeneous due to the 
inhomogeneous microstructural stress distribution coupled to varying 
hydrogen diffusivity at different regions in the microstructure.
'S The model appears promising for the systematic investigation of hydrogen 
embrittlement scenarios in polycrystalline nickel accounting for important 
microstructural features such grains, grain boundaries and grain orientations.
Hydrogen induced intergranular, transgranular cracking and hydrogen induced 
localized intergranular plasticity and the effect of GBCs and TJCs on HIC/IHE in 
polycrystalline superalloy 718 were investigated using in-situ hydrogen charged 
SSRT and SEM/EBSD/OIM methods. The conclusions of these investigations are as 
follows
• The ultimate tensile strength and tensile ductility are significantly reduced by in- 
situ hydrogen charging during tensile testing leading a reduction in lifetime of 
nickel based super alloy 718.
• The presence of internal hydrogen in nickel based 718 alloy leads to increases the 
reduction of the ultimate tensile strength and plastic flow which leads to a 
reduction in lifetime.
• Fractography analyses using SEM revealed that micro-voids/pores in the crystal 
lattice are the crack initiation site for hydrogen induced transgranular cracking 
and slip localization from micro-voids in intergranular regions leads to hydrogen 
induced intergranular cracking due to a reduction in intergranular localized 
plastic flow and ductility.
• Hydrogen induced cracking (HIC) was observed at CHAM and LHAM type 
boundaries, very little HIC was observed at HHAM and SGB type boundaries 
and no HIC was observed at LAM type boundaries.
• Hydrogen induced intergranular cracks nucleate predominantly at TJO and TJ1 
type triple junctions, while HIC was never observed at TJ3 type triple junctions.
• HIC strongly depends on GBCs and TJCS.
• Hydrogen embrittlement in nickel based super alloy 718 can be controlled by
reducing and/or eliminating micro-voids/pores and reducing the segregation of 
carbon atoms along intergranular regions.
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Hot cracking and hydrogen induced cracking and the effect of microstructures 
including GBCs and TJCs on hydrogen embrittlement in different grades of PP-Ni 
were investigated using ex-situ hydrogen charged SSRTs, weldability tests and 
SEM/EBSD/OIM/TDS analysis. The conclusions of these investigations are as 
follows
• Grade 1 is more susceptible to hydrogen embrittlement when compared to the 
newly developed grade 2 PP-Ni. The column boundaries are particularly prone to 
HIC due to the presence of voids on these boundaries and the large amount of 
hydrogen atom segregation along them.
• The resistivity to hydrogen embrittlement is increased in the newly developed 
grade 2 PP-Ni compared to grade 1 due to increased special GBCD, a reduction 
in pores/voids and the presence of clusters of ultrafme grains.
• Grade 3 is less susceptible to hydrogen induced hot/cold cracking and has 
enhanced resistance to hydrogen embrittlement when compared to both grade 1 
and grade 2 PP-Ni materials.
• Hydrogen embrittlement in PP-Ni can be controlled by reducing and/or 
eliminating micro-voids/pores on columnar boundaries, by increasing the fraction 
of special grain boundaries such as S3 and by reducing grain size.
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FUTURE FOCUS
• The present CMCD technique can be extended to implement columnar 
boundaries and clustered grains to investigate stress assisted hydrogen diffusion.
• Other applications such as coupling atomistic model results such as stress and 
strain dependent diffusivities for GBCD will be the subject of future work.
• Increasing the fraction of LAM, HHAM and SGB GBs using ‘grain boundary 
engineering’ (GBE) in order to increase the resistivity to hydrogen embrittlement 
in solution and precipitate hardened nickel based super alloy 718 will be the 
subject of future work.
• GBE using heat treatment to enhance the resistivity to hydrogen embrittlement of 
Ariane 5 combustion chamber PP-Ni material will be the subject of future work. 
A few such conceptual investigations have already been carried out in this 
research project by the author using GBE control and design thus increasing the 
strain to hydrogen induced failure of Ariane 5 pulse plated nickel as shown in 
figures 9.1 to 9.4.
The GBE concept has been used in Ariane 5 combustion chamber PP-Ni by 
heat treating the materials at various different temperatures and times in order to
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increase the CSL grain boundary fraction and then carrying out hydrogen 
embrittlement tests. As one such example the hydrogen induced strain to failure 
in Ariane 5 combustion chamber PP-Ni samples has been increased using GBE 
(increases in the hydrogen induced elongation to fracture and the ductility of PP- 
Ni were achieved).
The author reports preliminary results in 
o Figure 9.1 EBSD results showing an increase in CSL GB fraction between non- 
GBE PP-Ni and GBE-PP-Ni. 
o Figure 9.2 showing the hydrogen charged SSRT results between GBE and non- 
GBE PP-Ni.
o Figure 9.3 showing the fracture surface of SSRT tested GBE-PP-Ni hydrogen 
charged and uncharged specimens. NB the SEM images of non-GBE PP-Ni 
SSRT tested fracture surface microstructures shown in chapter section 7.10 are 
more brittle especially along columnar boundaries, 
o The SEM images of GBE PP-Ni SSRT tested fracture surface microstructures 
shown in figure 9.3 are ductile which indicates a reduction in susceptibility to 
hydrogen embrittlement in GBE-PP-Ni material.
Note that the author also noticed that these techniques not only increase the CSL 
fraction but also decrease the fraction of pores/void in PP-Ni and released the trapped 
hydrogen out of material in the PP-Ni as shown in figure 9.4 (TDS results). Future 
research will also be carried out in this direction.
Atom probe tomography investigation has been carried out to investigate the 
distribution of impurities in In718 and some results are shown in figure 9.5 Future 
direction: Grain boundary segregation factors and energy values will be calculated 
and these values will be used as input for full scale component models.
Figure 9.6 shows the future direction and some preliminary results of this research 
work via implementation of the newly developed multiscale model incorporating 
microstructural features of the Ariane 5 combustion chamber components.
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Figure 9.1 EBSD analysis results o f GBE and non-GBE Ariane 5 PP-Ni materials. 
Note: 13 grain boundaries fraction has been increased from 0.059% to 0.362% in the 
GBE case.
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Figure 9.2 Results o f SSRT on hydrogen charged GBE and non-GBE Ariane 5 PP-Ni 
sample materials. Hydrogen charged electrochemically for 72 hour at 30°C just 
before starting the test. SSRT were been performed at a strain rate of 8.3x10° s’1.
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Figure 9.3 SEM images o f GBE PP-Ni SSRT tested fracture surface microstructure 
(a) & (b) without hydrogen charging, (c) & (d) with hydrogen charging.
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Figure 9.4 TDA results for GBE PP-Ni hydrogen charged and uncharged specimens.
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IFigure 9.5 APT results showing boron, carbon, iron, nickel, phosphorus and sulphur 
segregation around a grain boundary in nickel based super alloy 718.
WeWR«t_.
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Figure 9.6 Full scale component model o f Ariane 5 combustion chamber.
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APPENDICES
10.1 Trap model
It has been reported previously that the GND density close to GBs is high 
when compared to the GND density in centre of the grains [123]. This high GND 
density region close to the GB is referred to as the grain boundary affected zone 
(GBAZ) throughout this section. Higher GND densities are due to the geometrical 
misalignment of two adjacent grain orientations (i.e. GB misorientations). The 
concentration flux is now determined by the normal grain boundary hydrogen 
diffusion and a concentration flux due to hydrogen trapping,
dC   d C d jff d^trap
dt dt dt (A. 1.1)
(DgbVC) (A. 1.2)
APPENDICES
=  (a -1-6)
Where Cdiff is the concentration of diffusible hydrogen atoms per unit volume, 
Chap is the concentration of trapped hydrogen atom per unit volume and i represents 
the number of traps (and trap sites may be of different types in the model such as 
reversible trap sites, irreversible trap sites, defect trap sites such as void trap sites, 
GND trap sites etc.), is the volume density of traps per unit volume, n, is the 
fractional trap occupancy levels for traps, k\ is hydrogen entry/capture rate per 
trap, t is time, p t is the hydrogen exit/release rate per - for irreversible traps the 
release rate is zero. N f ND is the GND density of trap sites, p%ND is the average GND
density (m‘2) where pgND = j j  = ^ js in  (7 )  ■/; [3, 125]. The quantity pgWD
in any given grain boundary can be calculated through EBSD analysis using the GB 
misorientation angle and a single dislocation network is necessary to accommodate 
the GB misorientation [3, 125, 128-131, 205]. Here, r is the effective distance 
between dislocations, Ni is the density of interstitial sites (m' ) or the number of 
solvent lattice atoms per unit volume (Nl=Na/Vm, where Na is Avogadro’s number 
and Vm is the molar volume of the host metal lattice), mgb is the number of types of 
GBs studied, b is Burgers vector, d  is the average grain size, Sj is the distance 
between two dislocations in a GB misorientation of 6j where from dislocation theory
5 = :fsin ( 0  [16], fj  is the fraction of GB with misorientation angle 0j and the 
transition probabilities are expressed by an Arrhenius expression ^  exp 
suitable for thermally activated processes.
FE formulation of trap model:
The finite element method discretises the unknown concentration in space 
and time as follows,
C(x, t) = s Ck(t)Nk (x) (A. 1.7)
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Where Cfc(t) is the concentration at &th node and Nk(x),k  = 1,2, ...,rnodes 
are a set of nodal basis functions defined on the finite element mesh. It is assumed 
that the trap occupancy levels are constant within each element. This assumption 
leads to a discretisation as follows.
ni (x, t) *  £ [ ; ' r ents nu (£)M, (x) (A. 1.8)
Where n ( j is the trap occupancy level for i-type traps in the / element,
tVi •Mt (x , t) is a function that is unity everywhere within the / element and zero outside 
of it. This approach means the trap occupancy levels are discontinuous, but since 
their spatial derivatives do not appear in the equations above this is unlikely to cause 
numerical problems and any problems with the validity of sharply discontinuous 
results can be resolved by refinement of the mesh [110,152]. Because (a) the spatial 
derivatives of the trap occupancy levels do not appear in the equations above and (b) 
the trap occupancy levels can be regarded as derived quantities dependent on the 
solution variable (i.e. concentration) then the FE formulation does not need to solve a 
matrix of equations to update explicitly the values of the trap occupancy levels 
during each step. A detailed explanation can be found elsewhere [263].
Using the standard Galerkin approach and applying the discretisation 
described above, the full finite element formulation can be shown to be of the form
fn NkNw f  + VNk. (DgbC. VNw) d n  + ZL"=T Sgn Nk(D9»C. VNW). n d S  + 
fn Nk (N H ,rleJ r entdj^ Mi M ) d n  = 0, k  = 1,2,3 ....rnode (A. 1.9)
Where Nk and Nw are basis functions and NJ; is the trap density. Q is the 
domain of the model, dfl represents boundaries and n is the outward unit normal to a 
given boundary. In practice the boundary integral would be replaced by appropriate 
boundary conditions, using a Lagrange multiplier if necessary to account for fixed 
concentration conditions.
UEL Trap Subroutine Implementation:
The trap fluxes in equation (A. 1.4) must depend on the local trap occupancy 
levels and the local hydrogen concentration. The hydrogen concentration is the main 
solution variable in the model whereas the trap occupancy levels are a user-defined
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variable for which values must be calculated as the model runs. The user defined 
element (UEL) calculates and stores the trap occupancy levels at each time increment 
overlaying the existing ABAQUS hydrogen diffusion model using the same nodes so 
that the solution variable and user-defined variables are coupled using the same 
nodal points as shown in the sketch below. Here hydrogen diffusion elements (red) 
and trap elements (black) use the same nodes (circles) and connectivity.
From equation (A. 1.9) it can be seen that the ABAQUS user element subroutine must 
generate values for
where E v is the trapping element, for all basis functions (A*) that correspond to the 
nodes making up E v. These expressions have been evaluated using single-point 
numerical quadrature, since the basis function chosen for the trap occupancy level 
means that a higher order scheme would not improve the accuracy. Single point 
quadrature is also used to evaluate the contribution o f the trapping term to the 
stiffness matrix, as required by ABAQUS. The time discretisation has been 
implemented using the Crank-Nicolson method, rather than the more 
computationally expensive Backwards Euler method, since it is unlikely that stability 
problems will occur in this model. Constraints have been added to ensure that the 
trap occupancy level remains between 0 and 1. Monte Carlo simulations were used to 
assign the random distribution o f crystal orientations and GB misorientations to 
generate reliable microstructural (i.e. trap) properties for coupling with the FE code 
for hydrogen diffusion analysis.
GB segregation of hydrogen:
Hydrogen induced intergranular cracking is due to the attainment o f critical 
hydrogen concentration at GBs and segregation o f hydrogen at various GBs depends 
on GB misorientation and GB type. The hydrogen segregated at GB determines the
(A .I .10)
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initiation o f intergranular cracks and the crack propagation path. So it is important to 
understand the segregation at GBs and the relationship between hydrogen 
segregation at GBs and GB type. The hydrogen segregation at GBs is measured 
using the segregation co-efficient as shown below. The GB hydrogen segregation 
coefficient (Sgb) can be calculated based on the equation,
Sgb = Cf  = exp( % )  ( A .1 .1 1 )  
where EB is the binding energy o f a solute to an average GB sites.
The lattice and GB hydrogen concentration can be calculated based on the
diffusible hydrogen concentration, C // .^ a s  shown in below
^W,diff ~  Q  f  ^gb,rev — T  X j ^-i.r^gb.r (A.  1.12)
where CL = nLNL is the hydrogen concentration in lattice sites, Cgb rev is the 
hydrogen concentration o f a reversible trap, ni r is reversible GB trap occupancy 
level, Ngb r is the reversible trap density (m °) for a number, q, o f reversible traps.
Deff is the effective diffusivity o f hydrogen given by,
A ;f f  - r -a ° r e x p G S ] - e x p ®
(A .I .13)
where /? =  ^ ' ^ ° \  and y. afivexp l - ^ — \ = D0 is a pre-factor. Ea is the
^  \ R T m p /“(T/Tmp)
activation energy for diffusion (kJ/mol). Do and Ea can be calculated by using a log 
plot o f calculated Deff over a range o f temperatures, y is the geometric factor, a0 is 
the jum p distance, v is the frequency with which the solute atom vibrates in the 
diffusion direction, AH is the activation enthalpy for diffusion, Tmp is the melting 
point o f the pure metal, /u is the elastic modulus of the pure metal, /uo is the elastic 
modulus at zero degrees absolute, more details can be found in [2,115].
Ek +  E9Bb
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The sketch above shows the simple energy model for grain boundary traps
energy for a grain boundary trap. At equilibrium condition, the effective diffusivity 
can be written as shown below
Note in the above equation Cgb is the effective concentration of all GB type 
sites and is calculated via equation (A. 1.15). Ngb is the effective GB type trap density 
and it can be calculated based on GB segregations as shown in equation (A. 1.11) (i.e. 
in real polycrystalline microstructure materials there may be different types of 
possible GB sites based on GB type and GB misorientation). The difference in trap 
occupancy levels in different types of GB is based on atomic arrangements and the 
difference in the binding energy for different GB types. For example in FCC nickel, 
the trap binding energy in the S3 special type is 0.02eV and in the S5 general type
0.2eV, an order of magnitude difference in trap binding energies between two types 
of GB as reported by Mrovec et al [138, 145, 260, 266]. Changes in GB trap binding 
energy will change the hydrogen concentration in GB traps and hydrogen 
concentration will also change due to the variation in GB trap densities according to 
equations (A. 1.12). The changes in GB trap density vary according to the GB 
misorientation angle as shown in equation (8).
Where rii is the trap occupancy level for a number (superscript n) of GB type 
trap sites and Ngb is the GB trap density for the different ‘n’ types of GBs.
The effective diffusivity can be written as shown below in the form of a grain 
boundary segregation equation,
The effective grain boundary trap density for polycrystalline materials can be 
written as shown below in terms of GB segregation
[115], where E£ is the activation energy for lattice diffusion and Ejjb is the binding
D (A. 1.14)
(A.I.15)
D (A.I.16)
Where based on the segregation factor, can be calculated using the 
modified Maxwell equation shown below [139, 140],
Q  _  S gb D g b { { 2 - 2 f g b ) D L +  2 Sg b D g b j  ^
6^  {}-~Dgb+Sgbfgb) ( . fgb^L+ ( ^ ~ fg b ) sgb^gb)
More detailed explanations of trap models including the simplified approach 
adopted by most workers and the UEL subroutine development and validation can be 
found elsewhere [23, 92, 104-112].
Effects of hydrogen trapping, segregation factor, GND trapping density, lattice 
hydrogen concentration on effective diffusivity of hydrogen in polycrystalline materials
The multistate hydrogen diffusion analysis has been carried using trap model to 
investigate the effect of hydrogen trapping in microstructure. The results of this 
analysis are shown in figure A. 1.1. Finally, by using Monte Carlo model the 
relationships between hydrogen segregation factor, hydrogen concentration in lattice 
sites and density of GND trapping sites in the polycrystalline material on the 
effective diffusivity of hydrogen in polycrystalline material were investigated. MC 
statistical models aim to develop a physically realistic insight into the spatial aspects 
of crystal lattice orientations and GB misorientations during microstructure 
evolution, quantify the effects of anisotropic GB misorientation properties, and 
quantify the effects of GND densities for hydrogen trapping sites. For all the GB 
misorientation simulations a distribution of 104 sites was employed. The MC 
simulations were also performed to calculate effective diffusivities of hydrogen by 
varying the density of GND trapping sites and by fixing the hydrogen concentration 
in lattice sites in order to investigate the segregation factors of atomic hydrogen in 
different GB misorientations. The averages of 104 MC samples of atomic lattice 
concentration of hydrogen, density of GND trapping sites and segregation factors of 
atomic hydrogen in GB misorientations were used to calculate effective diffusivities 
of hydrogen. The results of the MC simulation and the statistical sample fluctuation 
data used can be found in figure A. 1.2. Figures A. 1.2 (a), (b) and (c) show the 
distribution of the hydrogen segregation factor, the atomic concentration of hydrogen 
in the lattice and the density of GND trapping sites respectively for various GB 
misorientations. Figure A. 1.2 (d) shows the distribution of calculated effective 
diffusivities of hydrogen in the polycrystalline material. It also shows that more than
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half of the calculated effective diffusivities are between 2><1 O'16 and 8x1 O’16 m2s‘1, 
that is, the random sampling in (i) segregation factor between 0 to 100, (ii) lattice 
hydrogen concentration between 0 to 1 ppm and (iii) GND density trapping sites
9f* 97 'Xbetween 10 to 10 (m‘ ), reduces the effective diffusivity of hydrogen in
polycrystalline material by two orders of magnitude compared to the lattice 
diffusivity of hydrogen. One third of the calculated effective diffusivities are 
between 8xl0'16 and 12xl0‘16 m V1. Figures A.1.2 (e) and (f) show the MC 
simulation results of the effective diffusivity of hydrogen distribution in 
polycrystalline material with respect to the distribution of the densities of GND 
trapping sites and lattice hydrogen concentration respectively. Figure A.1.2 (g)
shows the distribution of hydrogen segregation factor for respective densities of 
GND trapping sites. These show that even small variations in any one of these 
parameters may alter the effective diffusivity of hydrogen significantly. Figure A.1.2 
(h) shows the distribution of effective hydrogen diffusivities against respective 
hydrogen segregation factors. In figure A.1.2 (h), in region I, the hydrogen 
segregation factor varies from zero to 10 and the effective hydrogen diffusivity 
varies significantly. Region II is a transition region where the effective diffusivity is 
moving towards steady state. Steady state is attained in region III. The model 
suggests that a hydrogen segregation factor of about 10 is a critical value, below this 
value the effective hydrogen diffusivity of polycrystalline material is affected 
significantly more when compared to segregation factor values greater than 40. 
Calculated trap densities based on the statistical distribution of GB misorientations 
are shown in figure A.1.2 (i). Figures A.1.2 (j) and (k) show the grain boundary 
trapping site binding energies and respective segregation factor and the distribution 
of the binding energies. Finally, figure A. 1.3 shows a novel one way coupling of 
MC simulation with the FE multi-scale multi-phase continuum trap model where the 
hydrogen segregation is based on GB misorientation and this novel coupled model 
has been used to calculate the local GB/Grain scale segregations factors. In this latter 
model, MC routines were integrated into the commercial finite element software 
ABAQUS using PYTHON scripting. The GND densities were generated by MC 
simulation as inputs for the FE model based on Euler angles. 104 Euler angles were 
simulated randomly using the MC model for each grain. The algorithm converts the 
20000 Euler angles between two neighboring grains to develop 10000 GB 
misorientations in the form of a Gaussian distribution. The average calculated GB
misorientations are used in the GBAZ regions in the FE multi-phase continuum trap 
model to obtain both low angle grain boundaries (LAGBs) and high angle grain 
boundaries (HAGBs). It should be stressed that in case o f HAGBs the assumption of 
one GND was still used although the model has the potential to be further developed 
to deal with multiple GNDs. The coupled MC-FE multi-scale multi-phase continuum 
trap model is a novel technique to potentially provide physically-realistic crystal 
lattice orientation and GB misorientation data for simulations o f local grain/GB 
nano/micro scale hydrogen distributions in clean energy power source fuel 
carrier/storage materials and to study IHE in polycrystalline materials.
This section clearly shows the effects o f atomic and microstructural parameters 
affecting the effective diffusion o f hydrogen in polycrystalline material. This 
reinforces the idea that these microstructural parameters should be taken into account 
when calculating effective diffusivities. Computational FE modeler should aware 
that these microstructural parameters plays important role in the effective 
diffusivities and microstructural parameters based effective diffusivities should be 
used when modelling macro scale components for studying hydrogen induced 
intergranular and transgranular embrittlement problems in polycrystalline materials.
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Figure A. 1.1 Hydrogen distribution and segregation with and without trapping for 
NPDII and MPDII interfaces in multi-phase polycrystalline materials. (NB 
hydrogen diffusivity in MPDII and NPDII is 4* 1 O'12 mV; Diffusivity in GI for 
both models is 9x 10~14 m 2s"'; elapsed time is 104 s). Colour contours are the same 
for all results, (c) Shows the normalized hydrogen concentration o f  multi-phase 
polycrystalline microstructure for NPDII and MPDII interfaces with and without 
the trap model. (0  The red color shows the precipitate double layer intergranular 
interface where the trap elements are implemented; (g) shows the normalized 
hydrogen concentration for the MPDII interface model with and without the trap 
model at two different positions.
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Figure A.1.2 Monte Carlo simulation results o f effective diffusivity (Detr) for 10000
sample distributions assuming a lattice concentration (C l) from 0 to 1 ppm. density
of trapping sites based on grain boundary misorientation (N pND) from 102h to 1027
(m °), segregation factors (S) from 0 to 100 and a lattice diffusivity o f 3.52x10"'4 
2 1m s" . (a) distribution o f segregation factors, (b) distribution o f lattice concentration 
o f hydrogen, (c) density o f trapping sites based on grain boundary misorientation, (d) 
effective diffusion o f hydrogen in polycrystalline material, its closed view and data 
used for statistical samples floatation's , (e) effective diffusivity o f hydrogen as a 
function o f density o f trapping sites, (f) effective diffusivity o f hydrogen as a 
function o f lattice hydrogen concentration, (g) segregation factor distribution as a 
function o f density o f trapping sites, (h) effective diffusivity as a function of 
segregation factors, (i) statistical distribution o f GB misorientations, (j) segregation 
factors versus average grain boundary trapping sites binding energy (increasing
segregation factor with increasing E |b) and (k) Shows the distribution o f average 
grain boundary trapping sites binding energy.
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Figure A. 1.3 shows the hydrogen segregations results o f the Monte Carlo simulation 
coupled with FE multi-scale multiphase continuum trap model based on (a) GB 
misorientations and (b) without GB misorientation and its segregations factors (S).
10.2 Experimental EBSD analysis results o f Ariane 5 combustion 
chamber: Supplementary images.
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